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REMARKS 

Interview Summary 

Applicants would like to thank the Examiner for her time discussing this case over the 
phone. During the phone interview, Applicants' representative and the Examiner discussed 
providing published references to support enablement of the claimed invention. 

Status of the Claims 

Claims 1-3, and 32-63 are pending before the Examiner for examination. Claims 4-31 
have been cancelled without prejudice or disclaimer of the subject matter claimed therein. 
Claims 3, 41-50, and 53-57 have been amended to clarify the claimed invention. Support for the 
amendment to claims 41-45 can be found in claim 1 . 

New claims 58-63 have been added. Support for the new claims are summarized below. 

Support for new claim 58 is found in original claim 50. 

Support for new claim 59 is found in original claim 3. 

Support for new claims 60-62 is found in original claim 53. 

Support for new claim 63 is found on page 22 paragraph 0081 . 

Rejection Under 35 U.S.C. § 1 12 First Paragraph 

Claims 1-3, 32- 57 are rejected under 35 U.S.C. § 1 12, first paragraph, as being enabling 
only for a method of removing amyloid deposits from mice comprising administering synthetic 
fibrils composed of immunoglobulin light chain variable region domains and for a 
pharmaceutical composition comprising the synthetic fibrils. 

The present invention is based in part on the finding that immunization with amyloid 
fibrils can result in the induction of an immune response that promotes removal of amyloid 
deposits, including deposits comprising fibrils whose precursor proteins are distinct from those 
of the immunogen. Although amyloid fibrils from various diseases differ from each other in 
their primary sequence, these fibrils are structurally homologous molecules, as discussed in detail 
below. Accordingly, based on the structural homology of amyloid fibrils (paragraph 0132), the 
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present invention provides a method of removing amyloid deposits from a subject using any 
amyloid fibril as an immunogen and administered as a vaccine. 

The Office Action asserts that the specification only discloses cursory conclusions 
without data supporting the findings. Applicants respectfully point out that Example D on page 
35 discloses data supporting the removal of amyloid deposits from mice. First, the mice were 
immunized with synthetic fibrils and were shown to have anti-fibril antibodies. Subsequently, 
the mice were subcutaneously injected with human AL amyloid extract to produce a huge AL 
amyloidoma. Since the mice were immunized with synthetic fibrils prior to injection with the 
human AL amyloid extract, the amyloidoma disappeared in 5 days as compared to more than 1 5 
days in non-vaccinated control mice. Thus the specification provides data to support the 
findings. 

The Office Action also asserts that the specification does not enable the full scope of the 
claims and cites the Wands factor for determining whether undue experimentation is required. 

1 . The Breadth of the Claims 

The Office Action alleges that the claims are broad in scope and encompass unspecified 
variants of amyloid fibrils and subjects which are not adequately described or demonstrated in 
the specification. Applicants respectfully point out that the claimed method of removing amyloid 
deposits from a subject can be accomplished with any amyloid fibrils because amyloid fibrils, 
irrespective of the precursor protein that they are made from, are structurally homologous 
molecules and thereby elicit a generic anti-fibril immune response. Below, Applicants discuss 
data from different research groups showing amyloid fibrils are structurally homologous 
molecule. Moreover, Applicants submit that the murine model used in the present application is 
a well known model for studying human systemic amyloidosis. Further, the specification enables 
vaccines comprising amyloid fibrils. 

a. Amyloid fibrils are structurally homologous molecules. 

First, there is immunological evidence from various research groups showing the 
structural identity of amyloid fibrils. The data of O'Nuallain et al (Proc. Natl. Acad. Sci. 2002, 
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99(3): 1485-90, attached to the response of July 14, 2004) confirm that disease related amyloid 
fibrils share a common structure. (See reference attached to the response dated July 14, 2004). 
O'Nuallain show that WOl and W02, monoclonal antibodies generated using AP(l-40) fibrils as 
an immunogen, bind not only AP fibrils, but also other disease related amyloid fibrils and 
amyloid-like aggregates composed of transthyretin, islet amyloid polypeptide, P2-microglobulin, 
and polyglutamine (see abstract and page 1488, left column, second full paragraph). Although 
WOl and W02 are able to bind various amyloid fibrils, they exhibit little or no binding to the 
precursor proteins for each of these fibrils. These data establish that the conformation of disease 
related amyloid fibrils is similar, and that this generic fibril-associated conformation can be 
recognized by the immune system and that furthermore, this conformation is absent from the 
native precursor proteins. 

Likewise, the data of Hrncic et al substantiate that the conformation shared by different 
amyloid fibrils is recognized by the monoclonal antibody (mAb) 1 1-1F4 (Hrncic et al, 2000, 
Am. J. Path. 157(4): 1239, attached to the response of July 14, 2003). Hrncic et al shows that 
mAb 1 1-1F4 expedited the resolution of implanted human immunoglobulin light chain (AL), 
amyloidomas in mice by binding to the amyloid fibrils thereby opsonizing them, and inducing a 
targeted, cell-mediated dissolution. Mab 1 1-1F4 was generated using, as an immunogen, the heat 
aggregated fibrillar form of a human V L fragment obtained from proteolytic cleavage of the 
human k4 immunoglobulin light chain protein LEN. Hrncic et al shows that the therapeutic 
efficacy of the mAb 1 1-1F4 was independent of the V L isotype of the AL amyloids tested {Id, at 
1242 (left column, third full paragraph)). The binding of the 1 1-1F4 mAb to the implanted 
human AL amyloidomas and its ability to accelerate their removal was independent of the V K or 
Va subgroup from which the fibrils were composed. The data of Hrncic et al indicate that the 
mAb 1 1-F4 was interacting with a conformational (structural) epitope shared by different 
amyloid fibrils composed of immunoglobulin light chains and that this demonstrated a shared 
homologous structural epitope is present on amyloid fibrils. 

In an extension of the work of Hrncic et al, Wall et al shows that the mAb 1 1-1F4 
expedited the removal of systemic AA amyloid deposits, composed of serum amyloid protein A 
in a murine model of inflammation-associated amyloidosis (Wall et al, 2001, Amyloid and 
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Amyloidosis: Proceedings of the IXth International Symposium on Amyloidosis, Budapest, 
Hungary, David Apathy, Attached to the response of July 14, 2003). This evidence confirms that 
the structure of in vivo amyloid fibrils associated with different diseases are similar. 

In addition, the phenomenon of cross-seeding further establishes a fundamental structural 
homology between amyloid fibrils composed of different precursor proteins. Cross-seeding 
involves the use of one type of amyloid fibril to act as a template to support the growth of a 
different type of protein. For example, fibrils composed of transthyretin, when injected into mice 
can initiate (or seed) the growth of amyloid fibrils composed of the protein serum apolipoprotein 
A (sAA). (Johan et al Proc Natl Acad Sci USA. 1998 Mar 3;95(5):2558-63, see attached, 
especially page 2561, right column, second full paragraph). Similarly, fibrils composed of spider 
silk can seed sAA amyloid growth. (Kisilevsky et al, Amyloid. 1999 Jun;6(2):98-106, see 
attached). Other examples of the cross seeding phenomenon include the ability of islet amyloid 
polypeptide fibrils (associated with type 2 diabetes) to seed AP(l-40) fibril growth (O'Nuallain et 
ai, J Biol Chem. 2004 Apr 23;279(17):17490-9, see attached). In each of these references, the 
fibrils used to seed the amyloid deposits are composed of different proteins from the fibrils that 
they form in vivo. The phenomenon of cross-seeding demonstrates that amyloid fibrils and 
amyloid deposits composed of various precursor proteins are structurally homologous 
macromolecules. 

Other evidence from structural studies of amyloid fibrils performed using x-ray 
diffraction and electron microscopy suggests that all amyloid fibrils are structurally homologous. 
These studies establish that amyloid fibrils, irrespective of the precursor protein that they are 
made from, have identical x-ray diffraction patterns. Sunde et al (Journal of Molecular Biology, 
1997, 273:729-739, see attached) investigated the structure of six different amyloid fibrils and 
two synthetic fibril preparations using intense sychrotron sources. They observed that all these 
fibrils gave similar high-resolution X-ray fiber diffraction patterns, consistent with a helical array 
of P-sheets parallel to the fibril long axis, with strands perpendicular to this axis {Id. abstract and 
page 735). Other data showing that all amyloid fibrils have a similarly ordered structure include 
the work of Makin et al (Biochem Soc Trans. 2002 Aug;30 (4):521-5, see attached) and Serpell 
et al (Methods in Enzymology, 1999, 309:526-36, see attached). Accordingly, data collected 
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from structural analysis of different amyloid fibrils confirm that amyloid fibrils are structurally 
homologous molecules. 

The binding of all amyloid fibrils to two specific dyes, Congo red and thioflavin (ThT), 
also indicates that amyloid fibrils made from different precursor proteins share structural features 
(homologies). Congo red binding and subsequent birefringence, and ThT fluorescence emission 
remain the most common techniques to identify the presence of amyloid fibrils in patient tissue 
samples and laboratory preparations of synthetic fibrils (Nilsson et aL, Methods 2004, 34: 151- 
160, especially 153, see attached; Hazenburg et al. 9 The Journal of Medicine, 2004, 62(4): 121- 
128, see attached). In fact, the first step in the diagnosis of systemic (non cerebral) amyloidosis 
is the detection of Congo red stained positive amyloid deposits in patient tissue samples 
(Hazenberg et al. 9 at 122). Any amyloid disease can be diagnosed using Congo red staining. 

Congo red was developed as a cotton dye and was found to bind specifically to amyloid 
fibrils when applied to tissues in an alkaline solution. When viewed under a microscope using 
cross-polarized illumination, Congo red binding to amyloid fibrils in tissue sections emits a blue- 
green birefringence. Birefringence is a property of light that arises from the illumination of 
molecules that are aligned in a very organized manner. It is believed that the Congo red 
molecules intercalate into grooves along the amyloid fibrils to give highly-ordered arrays of dye 
molecules that when illuminated produce birefringence. Because all amyloid fibrils produce 
birefringence when stained with Congo red this implies that they all possess a binding site for 
Congo red irrespective of the precursor protein that the fibrils are comprised of (e.g., Ap(l-40), 
transthyretin, cystatin C, light chains, apolipoprotein A, islet amyloid polypeptide, insulin, 
calcitonin, fibrinogen). 

The same reasoning applies to ThT binding to amyloids. ThT is a benzothiazole dye that 
emits a novel fluorescence light when bound to amyloid fibrils. The binding of ThT to amyloid 
deposits and the production of novel fluorescent light is diagnostic of amyloid disease. The 
ubiquitous presence of ThT binding sites on amyloid fibrils also supports the contention that 
there is considerable homology in the structure of all amyloid fibrils. 

In summary, there is a body of evidence that supports the thesis that amyloid fibrils are 
structurally homologous at a number of levels. Accordingly, given the teachings of the present 
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specification, one would expect that any amyloid fibril, whether synthetic or natural, would be 
able to induce an immune response to this generic structure, an immune response that would 
recognize the entire range of amyloid fibrils and promote removal of amyloid deposits in a 
patient. 

b. The murine model used by Applicants is a well known model for the study of human 
amyloidosis. 

Applicants used two art accepted murine models of amyloidosis in developing the present 
invention. This first murine model of human AL amyloidosis is described on page 5, paragraph 
0018, and in Example D (page 35) of the specification. In this murine model, the mouse is 
injected with human AL amyloid extract to produce a palpable subcutaneous AL-amyloidoma 
Hrncic et al{ Am. J. of Pathology 2000, 157: 1239, attached to response of July 14, 2003) who 
developed and used this same murine model of AL amyloidosis confirms on page 1241 and 
figure 1 that the murine model is an accepted model for studying human disease. Similarly, 
Solomon et al (Clinical Cancer Research 2003, 9: 3831, see attached) on pages 3833 and 3837 
(final paragraph) substantiates that the murine AL amyloidosis model used by Applicant is a 
useful model for the human disease, because based on the data with the murine model, the 
research can proceed to clinical trials. 

The second murine model of systemic AA amyloidosis is also described on page 5, 
paragraph 0018, and in Example D (page 35) of the specification. This murine model has 
depended upon the injection of an inflammatory chemical or biological agent such as casein, 
silver nitrate, or lipopolysaccharide to develop AA amyloid deposits. To accelerate the 
deposition of AA amyloid, the mouse is also injected with amyloid enhancing factor (AEF). As 
evidenced in the cited references, both the AL and AA mice are widely used to study human 
amyloidosis (Hrncic et al Am. J. of Pathology 2000, 157: 1239, attached to response of July 14, 
2003); also, see attached references: Solomon et al, Clinical Cancer Research 2003, 9: 3831; 
Cohen et al Am. J. Pathol.1972, 68: 441; Skinner et al Lab. Invest. 1977, 36(4): 420; and 
Axelrad et al, Lab. Invest. 47(2): 139). 
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Cohen et al., Skinner et al. and Axelrad et al. are an additional three representative 
examples of references that have concluded that the AA amyloidosis murine model used by 
Applicant can be employed to study human amyloidosis. In each of these references, the mice 
were subcutaneously injected with casein or silver nitrate. In Axelrad, AEF is administered 
either immediately prior to or a day after the casein or silver nitrate administration. Cohen et al. 
concludes, 

Since the model is quite comparable to human disease, it has been and can be used 
for studies of the course, pathogenesis and treatment of amyloid. (Cohen et al. 
443). 

Skinner et al. asserts, 

Murine amyloidosis induced by the chronic administration of casein, endotoxin, 
and other agents has been used as a model for the study of human systemic 
amyloidosis for many years. (Skinner et al, 420). 

Axelrad et al. states, 

Amyloid-enhancing factor (AEF) is a transferable activity that in CBA/J mice 
reduces the induction time of splenic amyloid deposition to 48 hours. Azocasein, 
or AgNo3, can induce AEF in the spleen and liver. (Axelrad et al. abstract). 

These references show that this murine model developed decades ago, is the archetypal model 
that has been used to evaluate novel anti-amyloid therapeutics and to study potential methods to 
prevent amyloid disease in humans. As shown by the references, the disease in mice, efficiently 
recapitulates the mechanism by which amyloid forms in humans. This murine model is 
recognized as an invaluable tool for researchers to validate the potential therapeutic efficacy of 
novel molecules in a mammalian system. Kisilevsky et al. routinely uses this murine model to 
test potential anti-amyloid agents for use in humans (Kisilevsky et al. J. Mol. Neuroscience 2004, 
24: 167; Kisilevsky et al. J. Mol. Neuroscience 2003, 20: 291; Kisilevsky et al J. Mol. 
Neuroscience 2002, 19: 45). 

In summary, the cited references suggest that the AA-amyloidosis murine model used by 
Applicants is an accepted animal model for studying amyloidosis in human. The disease in the 
AA-amyloidosis mice is representative of the disease in humans. 
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c. The specification enables vaccines. 

The specification enables the vaccine compositions comprising amyloid fibrils. Vaccine 
is generally defined as a preparation comprising an agent that is administered to a subject to 
stimulate an immune response that provide clinical benefit. A vaccine can be administered prior 
to the subject developing an illness. Likewise, the vaccine can be administered after the subject 
has been in contact with the agent. An example of this is the rabies vaccine. The specification 
on pages 22-25 provides guidance for making and using vaccines comprising amyloid fibrils. 
The specification in Example D specifically teaches administering amyloid fibrils to a subject. In 
the absence of a reasonable basis to question the enablement of disclosed vaccines, the 
specification enables the breadth of the claims. As stated by the Federal Circuit, the Examiner 
has the initial burden to establish a reasonable basis to question the enablement provided for the 
claimed invention. In re Wright, 999 F.2d 1557, 1562, 27 USPQ2d 1510, 1513 (Fed. Cir. 1993). 
Respectfully, in this case, no such reasonable basis has been established by the Examiner. 

In summary, since amyloid fibrils are structurally homologous and the murine model used 
by Applicants is an accepted animal model for studying amyloidosis in human and since there is 
no reason to doubt the enablement of the disclosed vaccines, Applicants have enabled the breadth 
of the claims. 

2. The Absence of Working Examples 

The Office Action alleges that there are no working examples using various amyloid 
fibrils to generate an immune response and to reduce amyloid deposits in mice and that there is 
insufficient guidance to enable the scope of the claims. As discussed above, Example D shows 
that synthetic amyloid fibrils administered as a vaccine to mice in an art accepted murine model 
resulted in the removal of the amyloidoma. The Example also teaches the removal of AA 
amyloid from mice induced to develop systemic AA amyloidosis. Also as discussed above, these 
murine models are well known and accepted as animal models for studying human amyloidosis. 
Moreover, the specification in paragraph 0018 discusses in detail animal models for amyloidosis. 
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Additionally, as discussed above and in the specification in paragraphs 0005 and 0132, it is well 
known that amyloid fibrils are structurally homologous molecules that can be used to induce a 
cross-reactive immune response. Accordingly, the example provided in the specification is 
adequate to enable the scope of the claims. 

3. The State of the Prior Art ; The Relative Skill of Those in the Art and The Predictability or 
Unpredictability of the Art 

The Office Action alleges that the general knowledge and skill of those in the art is not 
sufficient to enable the scope of the claimed invention. Applicants respectfully submit that given 
the general knowledge of the murine mouse models for amyloidosis and the structural properties 
and similarities of amyloid fibrils and given the guidance in the specification for administering 
amyloid fibrils to subjects (pages 22-25) and for methods of treating amyloidosis (pages 6 and 7), 
there is sufficient guidance to enable the scope of the claims. 

The Office Action alleges that specific guidance on the identities of the proteins or 
variants thereof in amyloid fibrils and the effects of the amyloid fibrils are necessary. The Office 
Action also alleges that the invention is highly unpredictable because the specification does not 
demonstrate the effects of amyloid fibrils comprising various proteins or variants. Applicants 
respectfully point out that as taught in the specification, a specific amyloid fibril need not be 
administered to a subject to remove a specific type of deposit, because as discussed above, 
amyloid fibrils, irrespective of the precursor proteins from which they are made, are structurally 
related molecules. As shown in Example D, Applicants unexpectedly discovered that a synthetic 
amyloid fibril comprising immunoglobulin light chain variable region domain was capable of 
inducing an immune response sufficient to remove an in vivo murine amyloidoma generated by 
injecting human AL amyloid extract into a mouse. As discussed above and taught in the 
specification, since amyloid fibrils are structurally homologous molecules, the immune response 
induced by the synthetic amyloid fibril was sufficient to remove the murine amyloidoma 
generated from human AL amyloid extract by virtue of its reactivity with the generic, shared 
amyloid fibril epitopes. Moreover, the claimed invention can be performed with any amyloid 
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fibril whether synthetic or naturally occurring as a consequence of the structural identity of 
amyloid fibrils. 

Given the guidance provided by the specification and given the state of the prior art 
disclosing amyloidosis and the structural properties of amyloid fibrils, the present invention is 
neither unpredictable nor lacks enablement for the scope of the claims. 

4. The Amount of Direction or Guidance Presented and the Quantity of Experimentation 
Necessary 

The Office Action alleges that there are no working examples demonstrating the effects 
of amyloid fibrils containing various amyloid proteins or variants thereof in subjects other than 
mice. As discussed above, the specification teaches that amyloid fibrils are structurally 
homologous molecules and that immunization of mice with an amyloid fibril generates an 
immune response that promotes the removal of amyloid deposits, including deposits comprising 
fibrils whose precursor molecules are distinct from those of the amyloid fibrils used to immunize 
the mice. As discussed above, the guidance provided by the specification, including Example D, 
and the state of the prior art are sufficient to enable the scope of the claimed invention. 

The Office Action also alleges that the specification has not identified any variants or 
allelic variants thereof. Applicants respectfully submit that the claimed invention is not directed 
to a protein, but to a method of using an amyloid fibril comprising a protein. In fact, these 
proteins are well known in the art. Moreover, proteins that are associated with amyloidosis are 
known in the art to contain mutations. For example, the cystatin C variant associated with 
amyloidosis is the Leu68Q variant form of cystatin C (Grubb et al, 

http://www.reasearch.swegene.org/project_details.php?Proj=194, attached to the response dated 
July 14, 2003, attached to response of July 14, 2003). Transthyretin associated with amyloidosis 
also has various amino acid mutations (paragraph 0012). Ghiso et al (Journal of Alzheimer's 
Disease 2001, 3, 65-73, see attached) discloses the amyloidogenic variants of several proteins, 
such as Ap, cystatin C, transthyretin, gelsolin, and prion. Booth et al (Nature 1997, 385127: 
787, see attached) discusses the amyloidogenic variants of lysozyme. 
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In view of the discussion above, the specification enables the claimed invention. 
Applicants respectfully request withdrawal of the rejection. 

Rejection Under 35 U.S.C. $ 1 12, Second Paragraph 

Claims 37, 38, and 41-45 have been rejected under 35 U.S.C. § 112, second paragraph as 
being indefinite for failing to particularly point out and distinctly claim the subject matter which 
applicant regards as the invention. 

Claim 37 and 38 have been rejected as being indefinite because the use of the term 
"cystatin C variant" or "the one or more proteins is a variant or allelic variant thereof." As 
discussed in the last response, dated July 14, 2003, it is well known that the cystatin C variant 
associated with amyloidosis causes Hereditary Cystatin C Amyloid Angiopathy (HCCAA) and 
that HCCAA is caused by a mutation in the gene encoding the peptidase inhibitor cystatin C. 
Thus, it is known that the term "cystatin C variant" refers to the Leu68Q variant form of cystatin 
C. (Grubb et aL, http://www.reasearch.swegene.org/project_details.php?Proj=194, attached to 
the response dated July 14, 2003). 

Additionally, all the proteins listed in claim 37 are well known. These proteins are 
routinely used by the skilled artisan and have been characterized by the skilled artisan to be 
associated with amyloidosis. Applicants respectfully point out that claim 37 is not directed to 
novel proteins. Rather, claims 37 and 38 are directed to a method of using these known proteins 
and their variants to remove amyloid from patients. Accordingly, claims 37 and 38 are definite 
as they stand. 

Claims 41-45 are rejected because there is insufficient antecedent basis for the recitation 
of "amyloid fibrils." Claims 41-45 have been amended to recite "the amyloid deposits are 
removed" to overcome this rejection. Moreover, Applicants respectfully point out that claim 1 
includes the limitation that the amyloid fibrils are administered to the subject. Accordingly, there 
is antecedent basis for claims 41-45 in claim 1. 
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CONCLUSION 



In view of the foregoing claim amendments and accompanying remarks, Applicants 
respectfully request reconsideration and timely allowance of the pending claims. Should the 
Examiner feel that there are any issues outstanding after consideration of this response, the 
Examiner is invited to contact Applicants' undersigned representative to expedite prosecution. 

If there are any additional fees due in connection with the filing of this response, please 
charge the fees to our Deposit Account No. 50-03 10. If a fee is required for an extension of time 
under 37 C.F.R. § 1.136 not accounted for above, such an extension is requested and the fee 
should also be charged to our Deposit Account. 



Respectfully submitted, 



MORGAN, LEWIS & BOCKIUS LLP 



MORGAN, LEWIS & BOCKIUS LLP 

1111 Pennsylvania Ave., N.W. 



Dated: February 22, 2005 
CUSTOMER NO. 09629 




Washington, D.C. 20004 
(202) 739-3000 



l-WA/2346104.1 



BEST AVAILABLE COPY 

65 

Cerebral amyloidosis, amyloid angiopathy, 
and their relationship to stroke and dementia 



Jorge Ghiso* and Bias Frangione 

Department of Pathology, New York University School 

of Medicine, New York, NY, USA 

Cerebral amyloid angiopathy (CAA) is the common term 
used to define the deposition of amyloid in the walls of 
medium- and small-size leptomeningeal and cortical arteries, 
arterioles and, less frequently, capillaries and veins. CAA 
is an important cause of cerebral hemorrhages although it 
may also lead to ischemic infarction and dementia. It is a 
feature commonly associated with normal aging, Alzheimer 
disease (AD), Down syndrome (DS), and Sporadic Cerebral 
Amyloid Angiopathy. Familial conditions in which amyloid 
is chiefly deposited as CAA include hereditary cerebral hem- 
orrhage with amyloidosis of Icelandic type (HCHWA-I), fa- 
milial CAA related to Ap variants, including hereditary cere- 
bral hemorrhage with amyloidosis of Dutch origin (HCHWA- 
D), the transthyretin-related meningocerebrovascular amyloi- 
dosis of Hungarian and Ohio kindreds, the gelsolin-related 
spinal and cerebral amyloid angiopathy, familial PrP-CAA, 
and the recently described chromosome 13 familial dementia 
in British and Danish kindreds. This review focuses on the 
various molecules and genetic variants that target the cere- 
bral vessel walls producing clinical features related to stroke 
and/or dementia, and discusses the potential role of amyloid 
in the mechanism of neurodegeneration. 

1. Introduction 

Amyloidosis is a disorder of protein conformation 
leading to aggregation and fibrillization. A diverse 
group of proteins normally present in body fluids as 
soluble precursors can self-assemble into amyloid fib- 
rils and produce insoluble deposits in different tissues 
which may lead to cell damage, organ dysfunction and 
death. These fibrils, composed of low molecular weight 
mass peptides (~ 4 to 30 kDa), adopt a predominant 
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/3-pleated sheet structure, the conformation responsi- 
ble for their physicochemical properties and tinctoreal 
characteristics. So far, 20 different proteins have been 
identified as subunits of amyloid fibrils [56,57,60 (for 
review and nomenclature)]. Although collectively they 
are products of normal genes, several amyloid precur- 
sors contain abnormal amino acid substitutions that can 
impose an unusual potential for self-aggregation. In- 
creased levels of amyloid precursors, either in the cir- 
culation or locally at sites of deposition, are usually the 
result of overexpression, defective clearance, or both. 
Of all the amyloid proteins identified, less than half are 
known to cause amyloid deposition in the central ner- 
vous system (CNS), which in turn results in cognitive 
decline, dementia, stroke, cerebellar and extrapyrami- 
dal signs, or a combination of them. 

2. AP - related cerebral amyloidosis 

Alzheimer's disease (AD) is an age-dependent neu- 
rodegenerative disorder that causes a chronically pro- 
gressive decline in cognitive functions. The brains of 
patients suffering from AD are characterized by the 
extracellular deposition of amyloid AP (AP) protein 
in plaques and cerebral blood vessels, the presence of 
intraneuronal neurofibrillary tangles (NFT) and reac- 
tive gliosis, and the loss of presynaptic terminals and 
neuronal subpopulations in well defined brain areas. 
At autopsy, senile plaques and NFT chiefly define the 
disease whereas other pathological features are often 
ignored or regarded as coincidental findings. It is now 
becoming clear that a large majority of the patients 
diagnosed with AD when examined at autopsy bear 
stroke-like lesions or infarctions, ranging from CAA, 
degenerative microangiopathy compromising both the 
endothelium and smooth muscle cells, cerebral infarcts, 
microinfarction, white matter changes related to small 
vessel disease and even hemorrhages [20,22,58]. Al- 
though it is accepted that the presence of cerebrovas- 
cular disease or strokes may cause rapid cognitive de- 
cline and worsen the outcome in AD, it remains debat- 
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able whether the vascular lesions are coincidental or 
causal to the pathological processes. In sporadic AD, 
wild type A(3 species, 39 to 43 residues in length, are 
the main constituents of the parenchymal and vascular 
amyloid lesions and the inheritance of the apolipopro- 
tein E (apoE, chromosome 19) 4 allele is a prevailing 
risk factor [31,40,49,61]. 

Mutations in the amyloid precursor protein (A/3PP) 
on chromosome 21 or presenilins (PS) 1 (chromo- 
some 14) and 2 (chromosome 1) genes have been linked 
to autosomal dominant forms of familial AD (FAD) 
(reviewed in [48]). As indicated in Fig. 1, multiple 
mutation sites either within or immediately outside the 
A/? segment have been identified in the Af3PP gene. 
Surprisingly, A/3PP mutations found outside the A/? 
peptide are mainly associated with dementia whereas 
those found inside the A/3 sequence result is stroke 
as the main clinical phenotype. These genetic vari- 
ants are concentrated in the middle of the A/3 sequence 
(positions 21-22, corresponding to codons 692-693 
of A/3??) and are invariably associated with extensive 
cerebrovascular pathology. The Flemish mutation A to 
G at codon 692), is the only variant so far described at 
position 21, resulting in an Ala to Gly substitution and 
a clinical phenotype of presenile dementia and cerebral 
hemorrhage [19]. At position 22 of A/?, three variants 
have been described: i) the Arctic mutation (A to G 
at codon 693, resulting in the replacement of Glu for 
Gly), presenting as an early onset AD with prominent 
vascular symptomathology [23], ii) the Dutch mutation 
(G to C at codon 693, with the subsequent replacement 
of Glu for Gin), showing a phenotype predominantly 
associated to cerebral hemorrhage (see below) [26], and 
iii) the Italian mutation (G to A at codon 693, bearing 
Lys for Glu), presenting as a presenile dementia with 
cerebral hemorrhage [51]. The deposition of these vas- 
culotropic mutants in the cerebral vessel walls suggest 
alteration of the clearance-uptake mechanisms at the 
blood-brain barrier. 

Of interest is the first mutation described in the 
A/?PP gene linked to hereditary cerebral hemorrhage 
with amyloidosis, Dutch type (HCHWA-D), an auto- 
somal dominant disease clinically defined by recurrent 
strokes, vascular dementia and fatal cerebral bleeding 
in the fifth to sixth decades of life [30]. Pedigrees 
from the villages of Katwijk and Scheveningen have 
been described in The Netherlands [29], Around two- 
thirds of the patients will die as a result of the first 
acute cerebral hemorrhage, while the rest will have sev- 
eral minor stroke episodes leading to cognitive decline 
and dementia [18,59]. Histologically, there is a mas- 



sive amyloid deposition in the walls of leptomeningeal 
and cortical arteries and arterioles as well as in vessels 
in the brainstem and cerebellum. In addition to the 
vascular involvement, there is a moderate number of 
parenchymal amyloid deposits resembling the diffuse 
plaques seen in Alzheimer disease. Dense plaque cores 
and neurofibrillary tangles are absent; cortical and hip- 
pocampal neurons outside the infarcts appear to be well 
preserved. Cerebral and cerebellar white matter show 
varying degrees of edema and myelin loss. The amy- 
loid subunit in HCHWA-D is homologous to A/3; amy- 
loid deposits are composed of a mixture of wild-type 
AP peptide and the A/2-Q22 variant [41,54]. A single 
nucleotide change (G for C) at codon 693 of A/?PP [26] 
results in a single amino acid substitution (glutamine 
for glutamic acid) at position 22 of the A/? peptide. 
This was the first of a large series of mutations in the 
A/3?? gene described in several kindreds with early on- 
set familial Alzheimer disease [48] (Fig. 1). Although 
the mechanism of fibril formation is not known, in vitro 
studies [3,5,62] have shown that the A/3-Q22 variant 
forms fibrils at a more accelerated rate than wild-type 
A/3. This increased amyloidogenic tendency is prob- 
ably due to a higher content of /3-pleated sheet struc- 
ture and a conformational change in the middle part 
of the molecule induced by the disappearance of the 
negatively charged Glu side-chain in the mutant pep- 
tide [9,45]. The presence of both allele products in the 
amyloid deposits suggest that the mutant peptide may 
induce a conformational change in the structure of the 
normal A/3 peptide. Treatments to inhibit amyloidoge- 
nesis have been proposed [44,46]. 

3. Cystatin C - related cerebral amyloid 
angiopathy 

Hereditary cerebral hemorrhage with amyloidosis, 
Icelandic type (HCHWA-I) is an autosomal dominant 
disorder characterized by massive amyloid deposition 
within small arteries and arterioles of leptomeninges, 
cerebral cortex, basal ganglia, brainstem and cerebel- 
lum [16]. Although brain involvement is the main clini- 
copathological feature, silent amyloid deposits are also 
present in peripheral tissues such as skin, lymph nodes, 
spleen, salivary glands, and seminal vesicles [2]. 

Including information on progenitors born up to 200 
years ago, seven pedigrees have been described in small 
rural communities of West Iceland [21]. The main clin- 
ical hallmark of the disease is cerebral hemorrhage with 
fatal outcome in the third to fourth decade of life in 
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Fig. 1 . A/3PP mutants associated 

approximately 50% of the cases. Strokes are rare after 
the age of 50, and cognitive decline followed by de- 
mentia may occur in those cases that survive the hem- 
orrhagic episodes. In addition to the amyloid depo- 
sition, patients have low levels of cystatin C in their 
cerebrospinal fluid. 

The constituent protein of the amyloid deposits in 
HCHWA-I was the first amyloid purified and charac- 
terized from the CNS (1983) [6]. It is a genetic variant 
of cystatin C (ACys-Q68), a ubiquitously expressed in- 
hibitor of cysteine-proteases codified by a single gene 
located on chromosome 20 and normally present in bi- 
ological fluids [1]. The 110-residues-long ACys-Q68 
amyloid subunit is degraded at the N-terminus, starting 
at position 1 1 of the normal cystatin C and bearing an 
amino acid substitution (glutamine for leucine) [13] as 
a result of a single nucleotide change , A for T at codon 
68 [28] (Fig. 2). 



4. Transthyretin - related cerebral amyloid 
angiopathy 

Familial transthyretin (TTR) amyloidosis is usually 
associated with peripheral neuropathy and involvement 
of visceral organs, whereas signs of central nervous sys- 
tem involvement are exceptional. Meningocerebrovas- 
cular and oculoleptomeningeal amyloid deposits con- 



different phenotypes in familial AD. 

sisting of TTR variants ATTR-G18 [55] and ATTR- 
G30 [37] have been reported in two families carrying 
different point mutations in the TTR gene mapped to 
chromosome 18. A kindred of Hungarian origin con- 
taining 56 members spanning 4 generations was re- 
cently described. The major clinical symptoms in- 
clude short-term memory decline, hearing loss, a cere- 
bellar dysfunction with ataxia and bilateral pyramidal 
dysfunction with progressive spasticity. The onset of 
symptoms varied from ages 36 to 53, with death oc- 
curring between ages 51 and 60. Extensive amyloid 
deposition is present in meningeal vessels and subpial 
areas; although not associated to the clinical symptoms, 
small systemic deposits are present in kidney, skin, 
ovaries and peripheral nerves. All amyloid lesions are 
immunoreactive with antibodies against TTR. A single 
nucleotide change (A for G) at codon 18 results in the 
presence of glycine instead of aspartic acid (Fig. 2). 
A second kindred comprising 59 members spanning 4 
generations has been described in a large Ohio family 
of German ancestry. It is clinically characterized by 
the presence of slowly progressive dementia, seizures, 
ataxia, hemiparesis, decreased vision and mutism. The 
age of onset is 46-56 years and the duration of the 
disease varies between 3 and 26 years. Amyloid de- 
posits are present in the arachnoid and arachnoid blood 
vessels in the brain and spinal cord, with small and 
medium size vessels being the most severely affected. 
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Fig. 2. Diagram summarizing the amyloid diseases and the corresponding amyloid subunits associated with familial cerebral amyloid angiopathii 
related to dementia. 



All these lesions are Congo red positive and immunore- 
active with anti-TTR antibodies. Interestingly, vascu- 
lar amyloid is not longer detectable after the vessels 
penetrate into the brain parenchyma. Amyloid deposits 
are also detectable in choroid plexus, ventricular re- 
gions and, although infrequently, in vessels of virtually 
all visceral organs, skin, and skeletal muscle. In this 
family, a T for G substitution at codon 30 results in the 
substitution of valine for glycine in the TTR molecule. 

5. Gelsolin - related spinal and cerebral amyloid 
angiopathy 

Familial amyloidosis, Finnish type (FAF), is an au- 
tosomal dominant systemic form of amyloidosis char- 
acterized by slowly progressing cranial and peripheral 
neuropathy, dry and itchy skin, intermittent proteinuria 
and cardiac abnormalities [34], The patients gradually 
develop a typical facies with droopy eyelids and pro- 
truding lips. Corneal lattice dystrophy, lace-like de- 
position of amyloid within the stroma, is the earliest 



clinical finding of the syndrome. It is more common in 
southeastern Finland, but it is encountered elsewhere 
in Europe, the United States and Japan [24]. The ge- 
netic defect underlying FAF has been revealed and the 
amyloid subunit (AGel) identified. The amyloid fib- 
rils correspond to a 7 kDa internal degradation product 
of human gelsolin, a widely abundant regulatory pro- 
tein involved in actin severing and gel - sol transfor- 
mation [12,32]. AGel spans from position 173 up to 
residue 243 of the gelsolin protein and bears an amino 
acid substitution at position 187 (aspartic acid for as- 
paragine) due to a single G to A transition at position 
654, the first nucleotide at codon 1 87 [27] (Fig. 2). FAF 
cosegregates with the mutation, and the disease is par- 
ticularly severe in those homozygously affected. The 
mutation has been detected in Finnish, Dutch, Amer- 
ican and Japanese families. A different amino acid 
substitution at the same codon 1 87 has been described 
in patients of Danish and Czech origin suffering the 
same disorder. In these cases, a transition of G to T 
at the same codon results in the presence of a tyro- 
sine instead of the normally occurring aspartic acid [8] 
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(Fig. 2). Although facial palsy, mild peripheral neu- 
ropathy and corneal lattice dystrophy are characteristic 
of both gelsolin-related amyloidoses, atrophic bulbar 
palsy, ataxia of gait and minor cognitive impairment 
also occur. Recent immunohistochemical studies in 
Finnish cases carrying the 187 Asn for Asp mutation 
have demonstrated a widespread spinal, cerebral and 
meningeal amyloid angiopathy [25]. The study showed 
that deposition of AGel in the spinal and cerebral blood 
vessel walls, meninges as well as spinal nerve roots and 
sensory ganglia is an essential feature of this form of 
systemic amyloidosis that contribute to the CNS symp- 
toms. In addition, anti-FAF antibodies stained Lewy 
bodies in the cytoplasm of nigral neurons and occasion- 
ally in other brainstem nuclei, including locus ceruleus 
and substantia innominata [10]. The relationship be- 
tween intracellular gelsolin deposits and synuclein, the 
main component of Lewy bodies [47], remains to be 
determined. 



6. Prion - related cerebral amyloidosis 

A unique category in the conformational disorders 
are the prion - related diseases (or prionoses), where 
the etiology is thought to be related to the conver- 
sion of the normal prion protein PrP c into an infec- 
tious and pathogenic form PrP sc . Prionoses include 
Creutzfeldt-Jakob disease (CJD), kuru, Gerstmann- 
Straussler-Scheinker disease (GSS) and fatal familial 
insomnia in humans as well as scrapie and bovine 
spongiform encephalopathy in animals. Extensive cor- 
tical spongiform change, gliosis and neuronal loss are 
common although not invariable features of prionoses. 
The parenchymal amyloid load, characteristic of the 
autosomal dominant GSS, is only present in about 1 0% 
of the CJD cases, whereas amyloid angiopathy is virtu- 
ally absent in all of them. Interestingly, an early onset 
form of dementia characterized by the deposition of 
PrP amyloid in leptomeningeal and parenchymal blood 
vessels in conjunction with neurofibrillary lesions in 
the cerebral gray matter has been recently described. 
Although a single case of the so-called PrP cerebral 
amyloid angiopathy (PrP-CAA) has been reported, it 
constitutes the first example of PrP amyloid angiopathy 
in humans [11]. The patient, with clinical diagnosis 
of AD, presented with memory disturbance and dis- 
orientation at age 38, developing a progressive severe 
dementia. Neuroimaging at the terminal stage (age 58) 
indicated a severe atrophy of the cerebrum with dilation 
of the lateral ventricles. 



Neuropathologically, extensive amyloid deposition 
was observed in parenchymal and leptomeningeal ves- 
sels as well as in the perivascular neuropil. Cerebral 
and cerebellar gray matter were the most affected ar- 
eas whereas amyloid was absent in the white matter. 
In addition, classical neurofibrillary tangles, neuropil 
threads and dystrophic neurites were abundant in the 
cerebral gray matter, particularly in the hippocampus. 

The amyloid subunit composing the vascular de- 
posits was identified as a 7.5 kDa fragment of PrP. In 
this patient, a point mutation TAT to TAG was found at 
codon 145 of the PRNP gene, replacing the normally 
occurring tyrosine for a newly created stop codon. 
Based on molecular size, immunoreactivity and molec- 
ular genetic analysis, it was deduced that the PrP amy- 
loid subunit in the Y145Stop variant comprises around 
70 amino acids and is an N- and C-terminal truncated 
form of the normal PrP (Fig. 2). In PrP-CAA, the 
association of amyloid and neurofibrillar lesions does 
not appear to be casual, since abnormal neurites im- 
munolabeled with anti-phosphorylated tau antibodies 
co-localize with the PrP amyloid in the neuropil sur- 
rounding blood vessels, suggesting that the dyshoric 
angiopathy may affect the neuronal cytoskeleton [1 1]. 



7. ABri - related cerebral amyloidosis 

Familial British dementia (FBD), is an autosomal 
dominant form of CAA clinically characterized by pro- 
gressive dementia, spastic tetraparesis and cerebellar 
ataxia, with an age of onset in the fourth to fifth decade. 
A single extensive pedigree with the disease occur- 
ring in multiple generations has been reported [33,39]. 
Neuropathologically, there is severe and widespread 
amyloid angiopathy of the brain and spinal cord with 
perivascular amyloid plaque formation, periventric- 
ular white matter changes resembling Binswanger's 
leukoencephalopathy, neuritic and non-neuritic amy- 
loid plaques affecting cerebellum, hippocampus, amyg- 
dala and occasionally cerebral cortex, and neurofibril- 
lary degeneration of hippocampal neurons. In spite of 
the extensive amyloid deposition of the CNS vascula- 
ture, large intracerebral hemorrhage is a rare feature 
of the disease. The disease was originally described 
as a familial presenile dementia with spastic paraly- 
sis [63]; however, due to the extensive cerebrovascu- 
lar involvement, the disorder was later on designated 
familial cerebral amyloid angiopathy, British type [39] 
and cerebrovascular amyloidosis, British type [42]. 
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The biochemical nature of the amyloid fibrils ex- 
tracted from leptomeningeal deposits in FBD was re- 
cently uncovered [56]. The amyloid subunit, named 
ABri, is composed of 34 amino acids (EASNC- 
FAIRHFENKFAVETLICSRTVKKNIIEEN) with cer- 
tain degree of N- and C-terminal heterogeneity and no 
sequence identity to any known amyloid protein. ABri 
is devoid of glycine, methionine, proline, aspartic acid, 
tryptophane, tyrosine and glutamine, featuring pyrog- 
lutamate at its N-terminus. The post-translational mod- 
ification observed at position 1 (pyroglutamate) has 
been previously found in other brain amyloids, i.e. pep- 
tides derived from Alzheimer A/3 [35,43,52]. The N- 
terminal pyroglutamate may offer protection against in 
vivo proteolysis as well as increase the /?-sheet con- 
tent of the ABri peptide and its tendency to aggre- 
gate and polymerize. The two cysteine residues at po- 
sitions 5 and 22 may be of importance for polymer- 
ization and fibrillization, and the predicted isoelectric 
point (7.0) suggests low solubility at physiologic pH, a 
property mimicked by synthetic peptides homologous 
to the full length ABri that spontaneously polymerize 
and aggregate in solution. This new amyloid protein 
is a degradation product of a 277 amino acids pre- 
cursor molecule with a primary structure that resem- 
bles a type II single-spanning transmembrane protein. 
The precursor protein is codified by a single gene BRI 
(also known as JTM2B [38]) located on the long arm 
of chromosome 13. In patients with FBD, a single 
nucleotide substitution (TGA to AGA at codon 267) 
results in the presence of an arginine residue in place 
of the stop codon normally occurring in the wild type 
precursor molecule and a longer open-reading frame 
of 277 amino acids instead of 266. The ABri amyloid 
peptide is formed by the 34 C-terminal amino acids of 
the mutated precursor protein (Fig. 2). 



8. ADan - related cerebral amyloidosis 

Familial Danish dementia, also known as here- 
dopathia ophthalmo-oto-encephalica, is an early-onset 
autosomal dominant disorder originating in the Djurs- 
land peninsula, Denmark. The disease, identified 
in nine cases spanning three generations of a single 
family, is clinically characterized by the development 
of cataracts, deafness, progressive ataxia and demen- 
tia [50], Cataracts seem to be the early manifestation 
of the disease, starting before the age of 30, whereas 
impaired hearing usually develops 10-20 years later. 
Cerebellar ataxia occurs shortly after the age of 40, 



followed by paranoid psychosis and dementia 10 years 
later. Most patients die in their fifth to sixth decade of 
life. Neuropathologically, the disease is characterized 
by diffuse atrophy of all parts of all parts of the brain 
with a particularly severe involvement of the cerebel- 
lum, cerebral cortex and white matter, as well as very 
thin and almost demyelinated cranial nerves. There is a 
widespread amyloid angiopathy in the blood vessels of 
the cerebrum, choroid plexus, cerebellum, spinal cord, 
and retina. The presence of parenchymal plaques and 
neurofibrillary tangles is the major histological finding 
in the hippocampus, whereas the cerebral white matter 
also shows some ischemic lesions. 

Biochemical analysis of the vascular lesions unveiled 
a 34 amino acids amyloid subunit, ADan (EASNC- 
FAIRHFENKFAVETLICFNLFLNSQEKHY), with N- 
terminal homology to the ABri , the peptide originated 
by a point mutation at the stop codon of gene BR! in fa- 
milial British dementia. The ADan molecule has an iso- 
electric point of 6. 1 and is devoid of glycine, proline, as- 
partic acid, methionine and tryptophane residues. As in 
ABri, the isolated ADan amyloid features N-terminus 
pyroglutamate and two cysteine residues which may 
be important for the formation and perpetuation of 
fibrillar deposits. Molecular genetic analysis of the 
BRI gene in the Danish kindred showed a different 
defect, namely the presence of a 10 nucleotides du- 
plication (795-796insTTTAATTTGT) between codons 
265 and 266, one codon before the normal stop codon 
267. The decamer duplication mutation produces a 
frame-shift in the BRI sequence generating a larger- 
than-normal precursor protein, of which the amyloid 
subunit ADan comprises the last 34 C-terminal amino 
acids [57] (Fig. 2). 



9. Conclusion 

There is now extensive data indicating that the neu- 
ropathology of AD extends beyond amyloid plaques 
and neurofibrillary tangles. A wide range of vascular 
lesions (C AA, microvascular degeneration and periven- 
tricular white matter lesions) are evident in almost all 
cases of AD. Single lobar hemorrhages due to amyloid 
angiopathy, usually associated with focal neurological 
symptoms, are not a common clinical feature of AD; 
however, multiple micro-hemorrhages can cause (or 
contribute to) cognitive decline and dementia. Whether 
these vascular lesions are coincidental or causal in the 
pathogenetic processes of AD constitutes an issue of in- 
terest to investigate in the next coming years. The poor 



J. Ghiso and B. Frangione / Cerebral amyloidosis, amyloid angiopathy, and their relationship to stroke and dementia 



71 



correlation between the severity of amyloid angiopathy 
and the magnitude of parenchymal changes together 
with the failure to reproduce neuronal loss in transgenic 
animal models of AD suggest that other still undiscov- 
ered factors may modulate the generation of amyloid 
and neurofibrillary tangles. New clues regarding the 
relationship between amyloid and neuronal dysfunc- 
tion may well arise from future research involving other 
mutant peptides different from A/?. Particularly inter- 
esting will be the study of the novel molecules ABri and 
ADan, originated from different defects in a gene not 
previously known to be related to human neurological 
disorders. Immunohistochemical and electron micro- 
scopical studies have demonstrated that the cytoskele- 
tal pathology in FBD and FDD patients is identical to 
that seen in patients with other neurodegenerative con- 
ditions, including Alzheimer disease, Prion disorders, 
brain trauma, or mutations in chromosome 17 [4,7,14, 
42,53]. Therefore, different amyloid peptides at dis- 
tinct cerebral areas could trigger similar neuropatho- 
logical changes leading to the same scenario: neuronal 
loss and dementia, supporting the notion that amyloid 
peptides may be of primary importance in the initiation 
of neurodegeneration. 
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Tissue deposition of soluble proteins as amyloid fibrils underlies a range of fatal diseases. The two naturally occurring 
human lysozyme variants are both amyloidogenic, and are shown here to be unstable. They aggregate to form amyloid 
fibrils with transformation of the mainly helical native fold, observed in crystal structures, to the amyloid fibril cross-R 
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Tissue deposition of soluble autologous proteins as insoluble 
amyloid fibrils is associated with serious diseases including systemic 
amyloidosis, Alzheimer's disease, and transmissible spongiform 
encephalopathy, but the mechanisms of amyloid fibrillogenesis 
are poorly understood*. Although the diverse human proteins 
that can form amyloid fibrils in vivo have unrelated sequences and 
tertiary folds, they can all polymerize into fibrils with similar 
ultrastructural appearance and identical tinctorial properties'. 
Furthermore, the core structure of all amyloid fibrils consists of 
f^&heets with the strands perpendicular to the long axis of the 
fibffe x \ Knowing which conformational rearrangements converge 
on the same final fold is important for understanding the determi- 
nants of protein structure, and may enable the development of 
rational approaches to the treatment of amyloid diseases. However, 
although a lot is known about the mutations and substitutions 
responsible for hereditary and acquired amylodosis (see, for 
example, refs 5-14), there is little detailed information about the 
relationship between structure and folding in amyloid proteins. 

The two known natural mutations in the human lysozyme gene 
both cause autosomal dominant hereditary amyodosis". Affected 
individuals are heterozygous for single base changes which 
encode non-conservative amino-acid substitutions, Ile56Thr and 
Asp67His, respectively, and the amyloid fibrils consist exclusively of 
the variant protein " (see below). The structure, dynamics and 
folding of c-type lysozymes and the related (x-lactalbumins have 
been studied comprehensive'ly lf, * Ii . The identification of lysozyme as 
an amyloidogenic protein was therefore of particular interest. 

Here we present a detailed analysis of the structure, stability, 
conformational dynamics and fibrillogenic properties of the amy- 
loidogenic lysozyme variants which links the formation of amyloid 
with the folding behaviour of proteins. 

Amyloidogenic variants have native folds 

Wild-type lysozyme and the amyloidogenic variants", which have 

! Present addresses: Dipartimcnto di Biochimica, Universil* Ji Pavia, Via Taramelli 3 B. 27100 Pavia, Italy 
(V.B ); Department of Biochemistry and Molecular Biology. University of Leeds, Leeds t S3 *JT. UK 
(S.E.R.), 



Table 1 Molecular masses and enzyme characteristics of wild-type and 
variant lysozymes 

Protein Electrospray ionization Enzyme properties 

mass spectrometry 
Observed Mr Predicted M, tdAlpM) ^|jW s * ! | 

Natural wild type 14,691 ' 14,693' not done ' nol dOfte\ 

Recombinant wild type 14,696 14,693 16.5(4) 14.5(0.5) 

Recombinant l!e56Thr 14,68V 14,680' 18.5 (3) 15.0 (0.5) 

Recombinant Asp67His 14,71g 14.715 " 3sS Si 9.5(0.5) 

kJJ and k_ are given as mean (s.d.) 



not previously been isolated, were produced in the baculovirus 
expression system, and the correct mass of each purified, recombi- 
nant protein was demonstrated by electrospray ionization mass 
spectrometry^ (ESI-MS) (Table 1). They were all enzymatically 
active, although the Asp67His variant had a higher KM and lower i^, 
than the wild type and the Ile56Thr variant (Table 1). 

The native folds of the two amyloidogenic variants determined by 
X-ray crystallography both resemble that of the wild-type protein" 
(Fig. la), and all have the four correct, intact disulphide bonds. 
However, substitution of Asp 67 by histidine destroys the network of 
hydrogen bonds that stabilizes the (3-domain, resulting in a large, 
concerted movement of the (3-sheet and the long loop within the (3*- 
domain away from each other, distortion of the active site, and an 
overall displacement of backbone atoms in the vicinity of residues 
48 and 70 by as much as 1 1 A (Fig. I a). The crystal structure of the 
Ile56Thr variant does not show such changes, indicating that the 
movements in the 0-domain are not the direct cause of amyloido- 
genicity. However, closer inspection of the two structures demon- 
strates that subtle, but structurally significant, changes at the 
interface region between the «- and (3-domains occur in both 
variants (Fig, lb, c). lie 56 is a pivotal residue for the structural 
integrity of the lysozyme fold in that it links the two domains; its 
importance is emphasized by its high conservation in the lysozyme 
sequences". An increased B-factor (1 1 .7 A*) was found for the Cot 
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Figure 1 a, Overlay of ribbon diagrams representing the structures of wild-type 
human lysozyme (grey) and the soluble form of Asp67His lysozyme (coloured 
from blue at the N terminus to red at the C terminus). Red arrows indicate the 
relative movement in the positions of residues 45-54 and 67-75 in the Asp67His 
variant compared with those in the wild-type protein. The four native disulphide 
bonds in the wild-type protein and both variant structures are shown in yellow. 
Inset, plot showing the displacement of the residues of the Asp67His (solid line) 
and lle56Thr (broken line) variants from their positions in the wild-type protein, b, 
Ribbon diagram of the p-domain of the wild-type protein, showing the critical role 
of Asp 67 in the network of hydrogen bonds that stabilizes this domain, c. Ribbon 
diagram illustrating the same region in the Asp67His variant and the disruption of 
the domain that occurs when the aspartate at position 67 is replaced by htStiflEirra 
and the hydrogen- bonding network is destroyed. 
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atom of residue 56 in the Ile56Thr variant, relative to that of He 56 in 
the wild-type protein (6.4A2 ). This is presumably due to the now 
hydrophilic side chain being in an unfavourable hydrophobic 
environment, even though its hydrogen-bonding potential seems 
to be at least partly satisfied by a hydrogen bond (length 3.3 A) to 
one of the water molecules found in both the wild-type and the 
variant structures. In the Asp67His variant, the changes in the 
conformations of the (3-sheet and long loop are transmitted down 
to residue 56, resulting in a new orientation for the side chain and an 
increase in the B-factor of the Ca atom of the latter (9.7 A j. This 
suggests that the crucial interface region between the a ~ and (3- 
domains is less constrained in both variants than in the wild-type 
protein. This common feature of both structures implies that it 
could be an important factor in their amyloidogenic properties. 
Substitution of He 55 in hen lysozyme (the corresponding residue to 
He 56 in human lysozyme) by threonine also reduces the stability of 
the protein and generates a tendency to aggregate :b , further sup- 
porting the view that this residue is essential for the maintenance of 
the lysozyme fold. 

Fibril formation occurs In vitro 

In contrast to the reversible thermal denaturation of wild-type 
lysozyme from both natural and recombinant sources, the amyloi- 
dogenic variants were inactivated by heating (Fig. 2). The variants 
were also less stable than wild-type lysozyme, with unfolding 
transition midpoints reproducibly 10 °C or more below that of 



the wild-type protein. Furthermore, both variants eventually lost all 
activity when incubated at pH 7.4 at the physiological temperature 
of 37 X, whereas the wild-type protein retained full activity under 
these conditions (data not shown). 

The amyloidogenic lysozyme variants also aggregated on heating, 
unlike the wild-type protein. The rate and extent of aggregation 
varied with protein concentration and the expression batch, and 
although the aggregates stained with Congo red, they generally did 
not give the green-red birefringence in polarized light that is 
pathognomonic of amyloid. Nevertheless, negatively stained elec- 
tron micrographs revealed rigid, non-branching fibres of indeter- 
minate length and approximately 8-10 nm diameter, with the 
typical appearance of amyloid fibrils. Fibrils were also seen in 
electron micrographs of the sediment that formed spontaneously 
at 4 °C in concentrated solutions of both Ile56Thr and Asp67His 
variants (Fig. 3). Strikingly, one preparation of heated Asp67His 
lysozyme contained fibres that stained with Congo red and did 
display the diagnostic green birefringence, confirming the capacity 
of the variant to form the classical amyloid structure in vitro 
independently of any other component. 

Fourier-transform infrared spectroscopy (FTIR) of recombinant 
Asp67His lysozyme heated under conditions in which fibrils form 
demonstrated a predominance of (3-structure and a loss of helical 
structure relative to the wild-type protein (Fig. 4). The FTIR 
spectrum also indicated the persistence of some helical structure 
in the heated sample. This could arise from residual soluble forms of 
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Figure 2 Melting temperatures of wild-type and amyloidogenic variant 
isozymes. 




Figure 3 Electron micrograph of sediment from the lle56Thr lysozyme. after 
standing at 1 mg ml - for 14 days at 4*C in 10 mM KEPES, I M UCI. pH 8.0. Scale 
bar, 100 nm. 



Tahlft ? Rftnn very of enzymatically active lysozyme from ex vivo Asp67His lysozyme amyloid fibrils 

V c on gel filtration (ml) Lysozyme recovered 
j Protein by A?#j Active enzyme 

£jc v/vo Asp67Hs yso^ym^ fibrils 13.20(0.13) 100 80 

solubilized in 6 M guanidinium-HCI, pH 67 



Electros pray ionization mass spectrometry 
Observed M, Predicted Ml 

14J16.0 14,715 for Asp67His lysozyme 

1 4,733.8 1 4729 for Asp67His lysozyme with MetSO 



Ex ttto Asf>S?Hfs ysozyrrse fibrils 
solubilized in 6M guanidinium-HCI, pH 6.7, 
0.1 % 2-mercaptoethanol 



12.57 (0.06) 



113 



No signal obtained 



D given as mean (s.d.) from 3 experiments. 



the lysozyme variant, from persistence of helical structure in the 
fibril, or both. 

Fibrillogenesis Is reversible 

Our identification of a second Asp67His family 27 , apparently 
unrelated to the original kindred 1 -, provided the opportunity to 
study Asp67His lysozyme amyloid fibrils. The X-ray fibre diffrac- 
tion pattern (not shown) contains distinctive reflections at 4.6- 
4.8 X on the meridian and at 8-14 A on the equator of the image, 
indicating that the underlying ordered structure is a (3-sheet in 
which the constituent fj-strands are at right angles to the fibre axis 4 . 
Such cross-Ji structures are characteristic of amyloid and have also 
been described in the glutamine repeats that are associated with 
several neurodegenerative diseases, including Huntington's disease, 
and which cause oligomerization ofprotcins 2 *. The fibre diffraction 
pattern of ex vivo Asp67His lysozyme fibrils contains no reflections 
attributable to helical structure, suggesting that, if helices persist 
after transformation of the soluble protein to the fibrillar form, they 
are not regularly ordered. 

As previously reported for Ile56Thr fibrils 15 . 85% of the total 
protein in water-extracted »• Asp67His fibrils ran in reduced SDS- 
PAGE in the same position as intact monomeric lysozyme; the 
remainder consisted of oligomeric lysozyme aggregates and traces of 
uncharacterized high-molecular-weight material that is seen in all 
ex viva amyloid fibrils. However, like the fibrils from the Ile56Thr 
case 15 , the Asp67His lysozyme fibrils could not be dissociated to a 
form detectable by ESI-MS using either acetonitrile/acetic acid 
mixtures or up to 100% formic acid. We therefore solubilized some 
of the ex vivo Asp67His fibrils by denaturation in 6 M guanidine 
HCI, isolated the lysozyme by gel filtration in the same denaturing 
conditions, and attempted to refold it by dialysis into water at pH 
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3.8, a solvent in which natural wild- type lysozyme is stable. 
Although some reaggregation occurred during dialysis, the recov- 
ered lysozyme was detectable by ESI-MS with a mass corresponding 
to intact, monomeric, Asp67His variant (Table 2). The exclusive 
presence of variant lysozyme in either Asp67His or Ile56Thr (ref. 
15) ex vivo amyloid fibrils indicates that their pathological aggrega- 
tion does not engage wild-type lysozyme in vivo, presumably 
because the wild type has greater stability than the variants. 

Remarkably, the refolded Asp67His variant lysozyme was enzy- 
matically active, in contrast to the absence of any activity in the 
original fibril preparation, using soluble penta-.V-acetyl-Prchito- 
pcntaoside substrate. Although the variant protein must have 
undergone major conformational change ,•„ vivo t0 form character- 
istic cross-0 amyloid fibrils, it remained able, after unfolding, to 
renature spontaneously into the active enzyme. However, when the 
disulphide bonds within the chain were reduced with 2-mercap- 
toethanol during solubilization and unfolding, no lysozyme activity 
was observed and the protein could not be detected bv ESI-MS 
(Table 2). 

Stabilized molten globule Intermediate 

We have used circular dichroism to monitor the unfolding beha- 
viour of the two lysozyme variants under conditions in which they 
form fibrils in vitro. The results (Fig. 5a-d) showed that both 
variants were less thermostable than the wild-type protein, with 
midpoints of denaturation approximately 12'C lower than that of 
the wild-type protein at pH 5.0. More importantly, however, the 
unfolding transition of the two amyloidogenic variants, although 
reversible under conditions in which fibril formation did not occur, 
was not cooperative. This resulted in a partly folded state being 
significantly populated near the midpoint of unfolding. This state 
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Table 3 Crystallographic data statistics 



Parameters 



Structure determination 
Resolution (A) 
Data completeness (%) 
t/a for all hkl 

Ua at high-resolution limit 
Observations 
Unique reflections 
Space group 
Unit cell (A) 



Recombinant 
wild type 



Structure refinement 
Resolution (Aj 
Non-H atoms 
Water molecules 
R-factor (reflections) 
Average B-value 
R.m.s.d. bond lengths (A) 
R.m.s.d. bond angles (") 
R m s fl riihftriral angles (°) 
R m s rl imnrnpfii angles (*) 



30-1.3 A 
89.9 
12.1 
3.7 
51,285 
10,221 
P2.2.2, 
56.62 x 60.88 x 33.79 

8.3 



a- IS A 
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Figure 4 FTIR spectra, offset for comparison, of soluble Asp67His lysozyme, and 
after heating to induce fibril formation. The dominant absorption band centred at 
1,655 cm - in the untreated sample reflects the large a-helical component in the 
soluble, native protein. The shift to absorption at about 1 ,630 cm ' after heating 
indicates an increase in p-sheet content. The shoulder at 1 ,655 tm 5 i n the heated 
sample demonstrates the persistence of some helix. 



had substantial helical secondary structure but lacked persistent 
tertiary interactions (Fig. 5b, d). Such behaviour is quite different 
from the cooperative unfolding displayed by the wild-type protein 
under these conditions (Fig. 5a, c), but is similar to the thermal 
unfolding of wild-type human lysozyme under conditions of 
extremely low pH, where the protein unfolds through a partially 
structured intermediate with circular-dichroism properties similar 
to those identified here for the variants at pH 5.0 (ref. 30). More- 
over, species with similar properties have been identified on the 
kinetic or equilibrium folding pathways of other lysozymes and u - 
lactalbtmim*"^. At the midpoint of thermal denaturation, the 
partly folded amyloidogenic intermediates bound the hydro- 
phobic dye I-anilino-naphthalenesulphonic acid (ANS) (Fig. 5f); 
this is one of the major characteristics of the previously character- 
ized lysozyme and u-laci albumin molten globular* 9 . The Ile56Thr 
variant also bound ANS at 20'C, although it generated weaker 



fluorescence than at its midpoint of unfolding, indicating the 
presence of exposed hydrophobic regions even at this temperature. 

Transient unfolding 

The conformational dynamics of the wild-type and variant proteins 
in solution at 37 # € were investigated by using ESI-MS to monitor 
the exchange of the labile amide and side-chain hydrogens with 
solvent deuterons (Fig. 6). The hydrogen exchange kinetics of the 
two amyloidogenic variants were remarkable in that there was very 
little protection from exchange (Fig. 6); in contrast, about 55 
hydrogens were strongly protected from exchange in the wild- 
type protein under these conditions (Fig. 6). The lack of protection 
of the variants cannot be explained simply by their thermal 
destablization relative to the wild-type protein; a chemically mod- 
ified hen lysozyme, which lacks a single disulphide bridge, has a 
midpoint of unfolding 24'C lower than the wild-type protein, but 
still shows significant protection against hydrogen exchange. 
Rather, these results suggest that the alterations in the domain 
interface of the Ile56Thr and Asp67His variants reduce the stability 
and cooperativity of the native fold such that both the amplitude 
and frequency of the native-state fluctuations are increased, even at 
37 °C, to an extent that allows solvent water access to the interior of 
the protein. The degree of protection of the variants is similar to that 
previously observed by ESI-MS in the well-characterized, partly 
folded, molten globule state of a-lactalbumin M . We suggest, there- 
fore, that the aggregation-prone, partly folded forms are present in 
dynamic equilibrium with the native protein at significant concen- 
trations, even under conditions where the native state is thermo- 
dynamically stable, and could be important determinants of the 
amyloidogenic properties of the variants and the slow deposition of 
fibrils observed at 4 °C. 

The previously characterized kinetic and equilibrium partly 
folded intermediates of lysozymes and the a-lactalbumins all have 
persistent structure in the a-domain but lack stable, native-like 
structure in the p-domain " UJ Jl . Based on the present results, we propose 
a model for lysozyme fibrillogenesis in which association of the 
partly folded forms of the variants occurs through the unstable 
(3-domain (Fig. 7). In support of this, a peptide corresponding to 
the (3-sheet region of hen lysozyme has been shown to form 
extensive intermolecular fj -structure**. The development of stable 
(3-structure through such intermolecular association could then act 
as a template for the progressive recruitment of polypeptide chain 
into the nascent fibril, with the growth of hydrogen-bonded 
(^structure providing the context 35 for the deposition of poly- 
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Figure 5 Thermal denaturation of wild-type and Asp67His human lysozymes. Far- 
UV (a) and near-UV (c) CD spectra for wild-type human lysozyme and far-UV (b) 
and near-UV (d) CD spectra for the Asp67His variant lysozyme, all obtained in 
water at pH 5.0 and collected at 20 (O), 60 \0). 70 (•) and 95°C (•). Binding 
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midpoint of thermal denaturation. (0- The midpoint of thermal denaturation 
was 74"C for vvM-typQ human lysozyme and 62"C forthe Asp67His and Me56Thr 
variants- Fluorescence intensity (arbitrary units) is shown for ANS-containing 
buffer solution (solid line), wild-type lysozyme (O), Asp67His lysozyme (*) and 



of 1 ^r3Sno-naphih8ienesuiphoniC acid (ANS) to the proteins ar.2Q*£ (e) and atthe lie56Thr lysozyme (A). (0), molar ellrpticity. 
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Figure 6 Kinetic profiles of hydrogen exchange at pH 5.0. 37*C, for wild-type 
human lysozyme (circles) and Me56Thr variant (triangles) monitored by ESI-MS. 
The exchange profile for the Asp67His variant is very similar to that shown here 
forthe Me56Thr variant. The plain black line isthe simulated curve predicted v Toria 
completely unstructured peptide with the sequence of human lysozyme at 5.0 
and 37"C. The two inserts represent mass spectra obtained for the wild-type and 
variant protein before exposure to D20 0=0), 90 min after the initiation of 
exchange (t=90), and after heating to 70*C for 15 min to facilitate complete 
exchange (finm). Data wero corrected for the residual 10% H^G. 



articles 





'"'/WW 



Further assembly of protofilaments 



Figure 7 Proposed mechanism for lysozyme amyloid fibril formation. Blue, p- 
sheet structure; red, helical structure; dotted lines, undefined structure. A partly 
folded, molten globule-like form of the protein (II), distinct from the native (I) and 
denatured (III) states, self-associates through the p-domain (IV) to initiate fibril 
formation. This provides the template for further deposition of protein and for the 
development of the stable, mainly 3-sheet, core structure of the fibril (V). The 
undefined regions in V represent the possibility that not all of the polypeptide 
sequence is involved in the cross-p structure. The nature ofthis residual structure 
i n V is not known, and the figure is not intended to represent any defined 
secondary structural type (see text). 



peptide chain in the stable cross-p fold. The FTIR data indicate that 
fibrillogenesis involves an increase in (s-sheet structure; conversion 
of a- to ^structure will be easier in the molten globule state than 
the native state because of the much lower cooperativity of the 
unfolding process 13 . 

Mechanism of amyloid fibril formation 

All amyloid fibrils have similar morphological and tinctorial char- 
acteristics and are predominantly (3-sheet structures, indicating that 
a conformational change, involving a helix-to-sheet transition in 
some proteins, occurs during fibril formation". As in lysozyme 
amyloidosis, amino-acid substitutions responsible for amyloid 
formation in immunoglobulin light chain * and transthyretin 
variants" affect the stability of the proteins and their tendency to 
aggregate. It has been suggested that molten globule states are 
critical in protein folding and related structural transitions'". We 
propose that transient population of the amyloidogenic proteins in 
a molten globule-like state that lacks global cooperativity is an 
important feature of the conversion from the soluble to the fibrillar 
form. The structure of a domain of the prion protein PrP( 121- 
231)38 also demonstrates that residues for which mutations are 
associated with prion disease are involved in maintenance of the 
hydrophobic core. It has also been suggested that the conversion of 
the cellular form to the infectious form, which involves helix-to- 
sheet conversion, may be initiated by the (3-sheet elements of the 
native structure3i There is no evidence for infectivity of other types 
of amyloidosis or for conversion of non-amyloidogenic wild-type 
proteins by exposure to amyloidogenic variants. Nevertheless, the 
mechanism we have described for lysozyme amyloidosis (Fig. 7), 
proceeding from the soluble forms of amyloidogenic precursor 



proteins through a transient population of intermediates with the 
structural characteristics of molten globules, and on to intermol- 
ecular 3-sheet association, may occur generally in the amyloidoses. 
Note added in proof. After submission of this manuscript Funahashi 
et al* reported that the crystal structure of Ile56Thr variant 
lysozyme is similar to that of wild-type human lysozyme, as 
shown here. Their physicochemical studies also demonstrate 
reduced protein stability and altered folding kinetics, strongly 
supporting the idea that partly folded intermediates play an 
important role in lysozyme fibril formation. □ 

Methods 

LySOZyme expression. Human wild-type and Asp67His variant lysozyme 
cDNAs were amplified from macrophage RNA of the Asp67His proband. 
The 5' primer, CTTGGATCCCTAGGCACTCTGACCTAGCAGT contained a 
HamHl site and targeted sequence in the untranslated region of the cDNA. The 
3* primer, NNNNNNTCTAGATTACACTCCACAACCTTG, contained an Xbal 
site and 6 random nucleotides at its 5' end to facilitate cleavage * 3 - The IIe56Thr 
variant sequence was obtained by in vitro mutagenesis of wild-type cDNA 
(pAJter system, Promega). The three cDNAs were cloned into the BamRUXbiti 
sites of pBacPAK8, transfected into SO cells, and recombinant baculoviruses 
were selected and amplified (Clontech). Lysozyme was detected" in medium 
from infected cells; spinner cultures of Hi 5 and Sf9 cells, infected at multiplicity 
of infections from 1 to 15, yielded 2-20 mgl*" 1 - 

Isolation and characterization of recombinant lysozymes. Lysozymes were 

isolated by cation -exchange chromatography (Macroprep S, BioRad) and 
FPLC gel filtration (Superose 12, Pharmacia), and gave single bands on reduced 
SDS 8-18% gradient PAGE (Pharmacia ExcelGel) stained with silver. Lysozyme 
enzyme kinetics were determined with (Hrnta-^acctyl-fJ chilopentao&idic 4 *. 
For electron microscopy, protein diluted in water was placed on a formavar- 
coated grid and negatively stained with 2% sodium phosphotungstate. 
Crystal-StrUCtUre determination. AH crystals were grown by vapour diffusion 
at 20'C; wild-type lysozyme from 30 inM sodium phosphate, 2.5 M NaCl, pH 
4.9, Asp67His from 0. 1 M ammonium sulphate, 30% PEG 8000 and Ile56Thr 
from 0. 16 M ammonium sulphate, 24% PEG 8000. Drops initially contained 
equal volumes of protein (10 mg ml ' in 10 mM HEPES, 0.4-0.5 M LiCL pH 
7. 1-8.0) and reservoir buffer. X-ray data were collected at 15 °C using a MAR 
RESEARCH image plate, mounted on a Rigaku rotating anode X-ray generator. 
Data processing and reduction were performed with the DENZO and SCA- 
LEPACK programs". The CCP4 suite of programs" was used for map 
calculation and coordinate analysis. The structures were refined using cycles 
of restrained molecular dynamics and positional refinement in X-PLOR 3.1 
(ref. 44) and manual fitting with the interactive graphics programme 0"s. 
Crystallographic data statistics are given in Table 3. Recombinant wild-type 
human lysozyme data were collected as a control set. The initial - F t map 
for the Ile56Thr variant structure was produced with phases calculated from 
the refined model of recombinant wild-type human lysozyme". The structure 
of Asp67His lysozyme was solved by molecular replacement using X-PLOR**. 
The solution indicated changes in the conformation of the 3 -domain (regions 
45-54 and 66-75). The structure was rebuilt manually and refined with cycles 
of molecular dynamics and model building guided by interpretation of electron 
density maps. Figures were generated with 0"s and a version of MOLSCRJPT" e 
modified by R. Esnouf. 

Thermal Stability. Melting temperatures were determined by placing wild- 
type and variant lysozymes at 2.5 |ig ml -' in 20 mM HEPES, 100 mM LiCI, pH 
7.23, containing 1% (w/v) bovine serum albumin, for 15 min at the tempera- 
tures shown, then cooling to 21 9 C for 15 min, before enzyme assay" at 2 1 °C. 
Infrared Spectroscopy. Infrared spectra of proteins ( * 5 mg ml - ' ) dissolved 
in DU> buffer containing 20 mM Tris-HCI, pH 7.0 (uncorrected for deuterium 
effects) were collected (Bruker IFS-55 spectrometer, 2cm ' resolution) before 
and after heating to induce unfolding and fibril formation. 

Recovery of active lysoryme from ex vivo lysozyme amyloid fibrils. 

Amyloid fibrils were isolated by water extraction from amyloidotic liver tissue 
of a patient with the Asp67His lysozyme gene mutation who underwent 
emergency liver transplantation following spontaneous rupture of the liver. 
Lyophilized fibrils were incubated for 72 h in 6 M guanidine HCI. pH 6.7, with 
or without 0.1% (w/v) 2-mercaptoethanol, then centrifuged to remove 
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insoluble material. The supernatants were fractionated by FPLC gel filtration 
(Superose 12, Pharmacia) eluted with the corresponding solvent; the main peak 
in each case, composed of monomelic lysozyme, was pooled and dialysed 
against H20, pH 3.8. Lysozyme enzyme activity was quantified", and the 
molecular mass of the solubilised protein was determined by £51- MS 3 *. The 
elution volume (V) of lysozyme recovered in the presence of mercaptoethanol 
was significantly lower than that obtained without reduction, corresponding to 
the expected larger volume of unfolded lysozyme without disulphide bridges, 
confirming that reduction had occurred. This material did not recover enzyme 
activity and gave no signal in the mass spectrometer, presumably because of its 
propensity to aggregate. Natural ex vivo wild-type lysozyme dissolved in 6 M 
guanidine-HCI, pH 6.7, and run on the same column as a control, eluted with 
the same V as the Asp67His lysozyme from the amyloid fibrils. 
Circular dichroUm. Spectra were collected at 1 -nm intervals using a ) A5CO 
J720 spectropolarimeter with 1 mm and 10 mm path-length quartz cuvettes in a 
temperature-controlled housing, over the wavelength ranges 190-250 nm and 
250-360 nm respectively. The protein samples were at 0.22 mg ml - ' in H20, 
pH 5.0, based on for 1 cm path length = 25.5. 

ANS binding and fluorescence. Proteins at 0.2 mg ml - ' j n 50 m\t sodium 
acetate, pH 5.0, with final ANS concentration 0.1 mg ml - \ were analysed in a 
Perkin Elmer luminescence spectrometer LS50B with a temperature-controlled 
cell; excitation wavelength, 385 nm; total fluorescence emission monitored 
between 400 and 600 nm. 

Deuterium exchange and mass spectrometry. Proteins were washed 
extensively in water, pH 3.8, then equilibrated in water, pH 5.0, at 20 jJ&i for 
determination of mass spectra 33 . Hydrogen exchange was initiated by a 10-fold 
dilution from protein in H 20 at pH 5.0 and 37 "£ into D20 at pH 5.0 
(uncorrected for deuterium effects) and 37 *C 
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Abstract 

Purpose: We had previously reported that certain of 
our murine (m) antihuman light chain monoclonal antibod- 
ies (mAbs) recognized an epitope common to AL and other 
types of amyloid fibrils. On the basis of this evidence, one 
such antibody, 11-1F4, was administered to mice bearing AL 
amyloidomas induced by s.c. injection of human AL ex- 
tracts. The mAb bound to the amyloid and initiated an 
Fc-mediated cellular inflammatory response that led to 
rapid reduction in the tumor masses. To develop this reagent 
for clinical use, the 11-1F4 mAb was chimerized and its 
activity compared with that of the unmodified antibody. 

Experimental Design: The chimeric (c) 11-1F4 mAb was 
produced in CHO<////r-stable mammalian cell lines that had 
been transfected with a supervector DNA encoding the 
mouse 11-1F4 heavy and light chain variable regions (V H , 
V L ) and human heavy and light chain constant regions (C H , 
C,J. The antibody products were analyzed for their fibril 
binding activity and ability to effect amyloidolysis in two in 
vivo experimental models. 

Results: The capability of the cll-lF4 mAb to interact 
with amyloid was demonstrated in vitro. Administration of 
this reagent into mice bearing human AL tumors or those 
with systemic AA deposits resulted in marked reduction in 
amyloid burden with no evidence of toxicity in the animals. 

Conclusions: These results have led to the decision to 
produce GMP-grade C11-1F4 for a Phase J/n clinical trial in 
patients with primary (AL) amyloidosis where the effective- 
ness of the reagent could be determined. The use of amyloid- 
reactive antibodies would represent a novel approach in the 
treatment of individuals with this invariably fatal disorder. 
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Introduction 

Primary (AL) amyloidosis is a monoclonal plasma cell 
dyscrasia associated with the production of amyloidogenic im- 
munoglobulin light chains that form fibrillar deposits in vital 
tissues; this relentless process leads to organ failure and death, 
usually within 9-36 months (1-5). Heretofore, treatment of 
patients with this disease had been limited to the use of anti- 
plasma cell chemotherapy given in conventional amounts or in 
high doses combined with autologous stem cell transplantation 
(6-12). Such efforts have, in some cases, extended survival; 
however, the overall prognosis remains poor. 

As part of ongoing studies on the pathogenesis of primary 
(AL) amyloidosis and the use of immunotherapy as a means to 
eliminate amyloid deposits, we discovered that certain of our 
m 3 mAbs prepared against human light chain-related fibrils were 
capable of recognizing an amyloid-related, conformational 
epitope, as evidenced immunohistochemically and by ELISA. 
Furthermore, when one such reagent, the IgGlK mAb 11-1F4, 
was administered to mice bearing human AL amyloidomas, the 
antibody bound to the amyloid and initiated an inflammatory 
response that led to elimination of the induced tumor (13). 

To facilitate translation of these promising experimental 
findings into clinical practice, we requested assistance from the 
National Cancer Institute's RAID Program. Subsequently, 
RAID contracted with AERES Biomedical Ltd. (Mill Hill, Lon- 
don, United Kingdom) to chimerize the mlI-lF4 amyloid- 
reactive mAb. Three CHO dhfr-stable cell lines were transfected 
with a supervector DNA specifying the murine V H and V L and 
human C H and C L . The resulting cll-lF4 mAbs produced by 
these mammalian cells were harvested, purified, and tested for 
their capacity to interact with amyloid in several in vitro and in 
vivo experimental systems. We now report the results of our 
studies where we have shown comparable fibril binding and 
effective, although somewhat reduced, amyloidolytic activity of 
the modified antibody as compared with its murine (native) 
counterpart. 

Materials and Methods 

PCR Cloning and Sequencing of the mlMF4 Antibody 
Heavy and Light Chain Variable Region Genes. Two 

clones (B2C4 and B2D6) from the SP2/0 hybridoma cell line 
producing the IgGU ml 1-1F4 amyloid-reactive mAb were fur- 
nished to AERES Biomedical Ltd. (Mill Hill). The cells were 
cultured in DMEM media (Life Technologies, Inc., Rockville, 
MD) supplemented with 20% (v/v) fetal bovine serum (Hy- 



3 The abbreviations used are: m, murine; c, chimeric; RAID, Rapid 
Access to Intervention Development; C H , heavy chain constant region; 
C L , light chain constant region; MTX, methotrexate; mAb, monoclonal 
antibody; V H , heavy chain variable region; V Lf light chain variable 
region; AEF, amyloid-enhancing factor; BJP, Bence Jones protein. 
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clone, Logan, UT), penicillin/streptomycin, and L-glutamine 
(Life Technologies, Inc.). After growth to 10 8 viable cells, total 
RNA was isolated from each clone (RNA Isolation kit; Strat- 
agene, La Jolla, CA), and first-strand cDNA was synthesized 
using the furnished Notl~d(T) 1H primer. The mV H and V L (Vk) 
genes were then PCR amplified from each cDNA template, as 
described by Jones and Bendig (14) with AmpliTaq DNA po- 
lymerase. Separate PCRs were performed using different degen- 
erate leader sequence-specific V H and Vk and appropriate C H 
and C L primers (an equimolar mix of C^l, C72a, C72b, C73, 
and Ck). The products were identified by electrophoresis on 1% 
agarose/Tris borate (pH 8.8) gels containing 0.5 u>g/ml ethidium 
bromide. Putatively positive products (—450 bp) were cloned 
directly into the pCR2. 1 vector provided in the Topo TA Clon- 
ing kit (Invitrogen, Carlsbad, CA) and transformed into TOP10- 
competent cells using the protocol described by the manufac- 
turer. Colonies that contained the plasmid with the 450-bp insert 
were selected by PCR screening using 17- and 21-mer oligonu- 
cleotide primers according to the method of Giissow and Clack- 
son (15) and the double-stranded DNA was sequenced with the 
ABI PRISM 310 Genetic Analyzer and the ABI Prism BigDye 
terminator. Specifically designed PCR primers were used to 
modify the 5' and 3' ends of the 1I-1F4 V H and Vk genes to 
obtain transient expression of their products in mammalian cells. 
The back primers introduced HindlLI restriction and Kozak 
translation initiation sites, as well as an immunoglobulin leader 
sequence. The forward Vk primer provided a splice donor and 
BamHl restriction site and that for the V H , the first 22 bp of the 
CyJ gene, including an Apal restriction site. The positive PCR 
products containing the correctly modified 11-1F4 V H and Vk 
genes were identified as previously noted and subcloned into 
their respective expression vectors as HintiRl-Apal (human 71, 
Gml allotype) and HindRl-BathHl (human Ck, Km3 allotype) 
fragments. The ligated Vk and V H constructs were then used to 
transform DH5a competent cells, and positive clones were 
selected by PCR screening. 

Construction of a Single Supervector for Transient Ex- 
pression of C11-1F4 mAb in COS Cells, A single supervector 
expressing both chains of the cl 1-1F4 antibody was constructed 
by ligating the EcoRl restriction enzyme digestion products of 
the heavy and light chain expression cassettes. 

Transient Expression of the cll-lF4 Antibody in COS 
Cells. The cll-lF4 antibody was transiently expressed in 
ECACC/COS cells by cotransfection of each of the heavy and 
light chain vector constructs, as well as transfection of the single 
supervector construct. After incubation for 72-h, the medium 
was collected, spun to remove cell debris, and analyzed by 
ELISA for chimeric antibody production and antigen binding. 

Quantification and Binding Analyses of the C11-1F4 
Antibodies. Whole IgG molecules present in COS cell super- 
natants were quantified using Nunc-Immuno MaxiSorp plates 
(Life Technologies, Inc., Gaithersburg, MD) in a capture 
ELISA, Antibody molecules were bound by an immobilized 
goat antihuman IgG FC7 fragment-specific antibody and de- 
tected by an antihuman k light chain peroxidase-conjugated 
antibody (Sigma Chemical Co., St. Louis, MO). A standard 
curve was generated using known concentrations of a control 
IgG protein on the same plate. To test the capability of the 



cll-lF4 antibodies to bind amyloid fibrils, a direct binding 
ELISA was used, as described previously (16). 

Transfection of CHOdhfr Mammalian Cells. CHOdhfr 
cells (DUKS Bll) were grown first in a nonselective media 
consisting of a-MEM with ribonucleosides and deoxyribo* 
nucleosides (Life Technologies, Inc.), supplemented with 10% 
fetal clone II (Hyclone) and 50 u,g/ml gentamicin (Life Tech- 
nologies, Inc.) in a 37°C, 5% C0 2 incubator. Aliquots of 10 7 
cells/ml in PBS were transfected with 13 |xg of the 11-1F4 
supervector DNA at 1 900V, 25 u.Farad capacitance using a 
Bio-Rad Gene Pulser. After a 24-h incubation in nonselective 
media, the cells were grown in the presence or absence of 10~ 8 
or 10~ 9 m MTX in a-MEM without ribo- or deoxyribonucleo- 
sides (Life Technologies, Inc.) supplemented with 10% dialyzed 
fetal bovine serum and 50 mg/ml gentamicin. The selective 
media were changed every 3-4 days until foci appeared. After 
repeated subculture and additional rounds of MTX amplifica- 
tion, three cell lines were selected on the bases of optimum 
growth and antibody production rates. 

Mycoplasma PCR Screen and Sterility Tests. Media 
from the chosen cell lines were screened for the presence of 
Mycoplasma using a PCR-based kit. Testing for bacterial or 
fungal contamination was done by the Alamar Blue sterility 
assay (Serotech, Ltd., Raleigh, NC). Additionally, sterile flasks 
containing tryptic soy, Sabaraud, or thioglycollate broth were 
inoculated with cell suspensions and cultured for 3 weeks. As a 
control, media from cells grown in the absence of gentamicin 
and MTX also were tested. 

Determination of Production Rates of Selected 
CHOdhfr Stable Cell Lines during Exponential and Static 
Growth. To measure antibody production under conditions of 
exponential growth, 75-cm 2 tissue culture flasks were seeded in 
duplicate with each cell line at a concentration of 1 x I0 5 
cells/ml (total medium volume = 20 ml) and incubated at 37°C 
under 5% C0 2 . After 24, 48, 72, and 96-h, the cell number was 
determined and the antibody concentration in the media meas- 
ured by a quantitative ELISA (see above) and expressed as 
Hg/10 6 cells. For stable growth, duplicate flasks were seeded 
with each cell line at a concentration of 1 X 10 6 cells/ml (total 
medium volume = 20 ml), and after 4 days, the cells were 
counted and the antibody concentration determined. 

Production and Purification of C11-1F4 mAb. To have 
sufficient quantities of the cl 1-IF4 antibodies available for in 
vitro and in vivo studies, the three CHO^/r-stable cell lines 
(22C1, 22C5, and 22D2) were grown for 1 month in single 
Integra CL1000 production flasks (Integra Biosciences, Ijams- 
ville, MD) containing a-MEM, 10" 6 m MTX, and 50 u^g/ml 
gentamicin. The supernatants were concentrated to —5 ml, 
diluted 1:1 in Pierce Protein A binding buffer, and the antibody 
isolated using an Immunopure Plus Protein A Purification Kit 
(Pierce, Rockford, IL), as specified by the manufacturer. The 
eluted and neutralized material was then dialyzed in PBS over- 
night using Slide-A-Lyzer Dialysis cassettes (Pierce), sterile 
filtered, ali quoted into 1-ml volumes, and frozen at -20°C. 

Immunohistochemistry. Immunochemical analyses were 
performed by the avidin-biotin complex technique (Vector Lab- 
oratories, New Bedford, MA) on 4-|xm thick deparaffinized 
sections of normal multitissue (BioGenex, San Ramon, CA) and 
AL-laden tissue mounted on poly-L-lysine-coated slides. The 
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Table J Properties of CHOdhfr cell line mAb products 
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primary reagents included the m or cll-lF4 mAbs; affinity- 
purified goat antimouse or human IgG horseradish conjugates 
were used as secondary antibodies (Bio-Rad, Hercules, CA) 
with diaminobenzidine (Vector Laboratories) as substrate. 

In Vivo Models. Subcutaneous amyloidomas were in- 
duced in BALB/c mice by interscapular 100-mg injections of 
human amyloid fibrils extracted from the liver or spleen from 
patients with primary (AL) amyloidosis, as described previously 
(13). Systemic deposits of AA amyloid (secondary amyloidosis) 
were induced in BALB/c mice by s.c. 0.5-ml injections of 
AgN0 3 (1%) on days 1 and 10; additionally, on day 1, the 
animals received i.v. 100-u.g doses of AEF, which consisted of 
AA fibrils extracted from the livers of amyloidotic mice (17). 

Results 

Generation of C11-1F4 Antibody. Multiple PCR reac- 
tions designed to clone the ml 1-1F4 V H and Vk genes yielded 
products of the expected size (-450 bp) from both the B2C4 
and B2D6 hybridoma cell lines. Analyses of the PCR products 
from at least three clones from each yielded the expected heavy 
and light chain sequences. The modified murine V H and Vk 
11-1F4 gene constructs (see "Materials and Methods"), along 
with the human Cyl and Ck constant region genes, were suc- 
cessfully cloned into their respective mammalian expression 
vectors and used for cotransfection of COS cells. A single 
supervector comprised of the immunoglobulin genes from both 
species also was prepared for this purpose. Because of the 
substantially higher expression levels achieved with the super- 
vector, this construct was used to transfect CHOrf/i/r-mamma- 
lian cells that were subsequently cultured in media with or 
without MTX. Three of the amplified lines, 22C1, 22C5, and 
22D2, had the highest rate of antibody production (50.6, 42.5, 
and 47 |xg/10 6 cells/day, respectively) with approximate dou- 
bling times of 48-60 h. Although the three lines expanded at the 
same rate during exponential growth over 96 h, the production 
rate for 22C1 increased from 31 to 37 |xg/10 6 cells/day over this 
period, whereas that of 22C5 and 22D2 decreased from 24 to 20 
and 34 to 31 u,g, respectively. During stable growth, the pro- 
duction rates, based on an average of the initial and 96-h viable 
cell count, were comparable (24.7, 21.5, and 20.5 |xg/10 6 cells/ 
day, respectively). Similarly, over the 1 -month period of culture, 
the antibody concentrations in the media remained relatively 
stable. The three CHO cell lines (22C1, 22C5, and 22D2) and 
their products were uncontaminated by bacteria, fungi, or My- 
coplasma and had acceptable endotoxin levels (0.7, U, and 
23.4 units/u.g, respectively). 



In Vitro Analyses. The properties of the three C11-1F4 
mAbs are summarized in Table 1. By SDS-PAGE (Fig. 1) and 
Western blot analyses, these molecules were shown to have the 
molecular masses expected for chimeric IgGl heavy- and 
K-light chains. These analyses also demonstrated the stability of 
the antibody products after storage for 1-4 h at 4°C, 37°C, and 
70°C. In other experiments, the binding of the c and mll-lF4 
mAbs to synthetic AL amyloid fibrils was measured by ELISA 
where it was found to be comparable (Fig. 2). Additionally, the 
results of size exclusion HPLC indicated that the chimeric 
antibody preparations contained no appreciable protein aggre- 
gates, Le., they consisted almost entirely of IgG monomers 
(Fig. 3). 

The cll-lF4 mAbs, as with the murine reagent, interacted 
only with fibrillar light chains but not with the soluble counter- 
parts. As illustrated in Fig. 4, the 22C1 antibody reacted exclu- 
sively with the fibrils at concentrations as low as 1 fig/ml. A 
similar pattern was found with the ml 1-1 F4 mAb. In studies of 
BJPs representative of the VkI, Vk4, V\6, and V\8 subgroups, 
neither mAb recognized the k1, \6, and X8 proteins; immuno- 
staining of the k4 component was expected because the original 
11-1F4 reagent was produced by immunizing mice with Vk4 
fibrils (13). 

The capability of the cl 1-1F4 mAb to interact with human 
AL-containing deposits was tested immunohistochemically on 
tissues obtained from two patients with primary (AL) amyloi- 
dosis. As illustrated in Fig. 5, both the c and ml 1-1 F4 reagents 
immunostained the vascular green birefringent congophilic ar- 
eas in uterine and pancreatic tissues that were shown to contain 
k4- and \8-related amyloid deposits, respectively (as demon- 
strated using anti-V K 4 and V\8 subgroup-specific mAbs). 

Additionally, the reactivities of the c and mIl-lF4 mAbs 
were tested against 15 different human specimens, including 
liver, spleen, kidney, heart, lung, intestine, muscle, pancreas, 
prostate, thyroid, testis/ovary, bladder, uterus, and brain. Dif- 
fusely mild to focally intense staining of hepatocytes, proximal 
renal tubules, and myocytes was noted. In contrast, far greater 
immunostaining was found when these tissues were studied with 
the chimeric IgG Ik anti-CD20 mAb Rituximab (Ref. 18; data 
not illustrated). 

In Vivo Analysis. The efficacy of the IgG Ik cl 1-1F4 
mAb to accelerate amyloidolysis in our in vivo amyloidoma 
model was compared with that of the murine parent. Because the 
22C1-, 22C5-, and 22D2-derived cll-lF4 preparations exhib- 
ited equivalent reactivity with amyloid and there were limited 
quantities of each, the three were combined and used in our in 
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Fig. 1 Analyses by SDS-PAGE of cl 1-1F4 mAbs under reducing and 
nonreducing conditions (Coomassie blue-stained Novex bis tris 4-12% 
NuPage gels). Lane 1 contained protein standards of known molecular 
masses as indicated; Lane 2, a human IgG mAb; Lanes 4-6, 22C1, 
22C5, and 22D2 mAbs, respectively. The locations of the immunoglob- 
ulin heavy and light chains are as indicated. 



vivo experiments. Given the relatively large amount of amyloid 
extract required to produce a readily palpable amyloidoma (dry 
weight, 100 mg) and the scarcity of autopsy-derived samples, 
the numbers of animals used in each study was necessarily 
restricted to one pair of mice. In the first experiment, four sets 
were injected s.c. with a 1-ml volume of solution containing 100 
mg of a human ALk extract (Ref. 19; patient HIG) that was 
comprised of fragments (—16 and 18 kDa) representing the 
major portion of the amyloidogenic precursor k1 light chain 
(BJP, HIG), as demonstrated by SDS-PAGE, Western blot, and 
chemical analyses. By dot blot, the cll-lF4 mAb, as with the 
murine reagent, reacted with amyloid HIG but not with the BJP. 
Forty-eight h after injection of the fibrillar extract, two of the 
four pairs were given an i.v. 100-|xg injection of either the m or 
cmAb; this treatment was repeated on days 4, 6, 8, 10, and 12 



1 21 



I.0 



o 08- 



8 



0.6- 



0.4 



0.2" 





22CI 




22C5 




22D2 




Murine 




0+ 

]0 



' I ' 
100 



Concentration of 11-1 F4 (ng/ml) 



1000 



Fig. 2 In vitro reactivity of cl 1-1F4 antibodies. The cl 1-1F4 mAbs 
22C1, 22C5, and 22D2 and mll-lF4 mAb were tested in a binding 
ELISA against synthetic light chain fibrils (JTOS) coated onto an 
ELISA plate. 



(i.e., each mouse received a total of 600 u.g of antibody). For 
control purposes, similar doses of a monoclonal isotype matched 
(IgG Ik) murine protein (MOPC 31C) were administered to the 
third set over the 12-day period, whereas the fourth was un- 
treated. There were no obvious signs of toxicity in any of the 
' mice. 

Approximately 11 days postamyloid induction, the tumors 
in the mAb-injected mice began to decrease in size. One from 
each pair was euthanized on day 15 where it was noted that the 
amyloidomas from the ll-lF4-treated animals were obviously 
smaller than those from the 2 controls (Fig. 6). On day 16, 3 of 
the 4 remaining mice were sacrificed (1 control was kept for 
additional observation to determine the time when the amyloid- 
oma would resolve in an untreated animal). As shown in Table 
2, the wet weights of the residual amyloidomas in the 2 mice 
that received the ml 1-1F4 mAb were somewhat less than those 
from the animals that received the chimeric counterpart. In both 
cases, however, there was a marked reduction in size as com- 
pared with the controls, i.e., an average of 83 and 70%, respec- 
tively. The amyloidoma in the untreated animal did not become 
palpably smaller until day 24. On day 30, the mouse was 
sacrificed, and the mass of the remaining amyloidoma was 
found to be similar to those removed from the 11-IF4 mAb- 
treated animals on day 16. 

The excised amyloidomas from the treated and control 
mice were divided in half: one portion was frozen in ornithine 
carbamyl transferase and the other was fixed in formalin and 
embedded in paraffin. Tissue (liver, spleen, and kidneys) from 
each animal was processed in similar fashion. Microscopic 
examination of Congo red-stained sections of the amyloidomas 
revealed the presence of green birefringent material in all sam- 
ples, albeit considerably less in those obtained from the m and 
cl 1-1F4 mAb-treated animals. The most notable difference was 
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Fig. 3 HPLC analyses of cll-lF4 mAbs. Elution profiles of 22D2, 
22C5, and 22C1 mAbs (A, B, and C, respectively) and protein standards 
(D) that were passed through a Toso Haas G 3000 SWxl size exclusion 
chromatography column (elution buffer, PBS). 



apparent in H&E- and chloresterase-treated specimens where 
the extent of macrophage, as well as activated neutrophil infil- 
tration in the residual amyloidomas was far greater than that 
seen in controls. Furthermore, amyloid-bound cl 1-1F4 could be 
demonstrated immunohistochemically (data not illustrated). 
Other than the induced amyloid tumors, no gross pathological 
abnormalities were observed among the mice. Furthermore, the 
liver, spleen, and kidneys of the m and cl 1-1 F4 mAb-treated 
and control animals appeared normal microscopically. 

An identical protocol was used to compare the therapeutic 
efficacy of the c and ml 1-1F4 mAbs in mice injected with a 
human AlA (patient BAL) extract that predominantly contained 
a 16-kDa light chain fragment of amyloidogenic A3 BJP BAL. 
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Fig. 4 Comparison by dot blot assay of the reactivities of m and 
C11-1F4 mAbs against fibrillar and soluble forms of light chains. Top: 
light chain fibrils were generated from a recombinant V\6 protein and 
applied as "dots" at the concentrations indicated, as were PBS and the 
soluble VX6 protein monomer. Bottom: human kI, k4, \6, and \8 Bence 
Jones proteins were likewise applied. Murine and cll-lF4 mAbs were 
used as primary reagents (5 u-g/ml) and goat antimouse and goat 
antihuman immunoglobulin horseradish peroxidase -labeled antibodies, 
respectively, were the secondary reagents. The reaction was developed 
with diaminobenzidine. 



Because the amyloidoma in 1 of the mll-lF4 mAb-treated 
animals began to regress on day 12, 1 mouse from each of the 
four pairs was sacrificed on day 15. The masses of the amy- 
loidomas removed from the m and cl 1-1F4 mAb-treated ani- 
mals had decreased 75 and 15%, respectively, as compared with 
the control (Table 3). The remaining set was euthanized on day 
21 ; in this case, the amyloidomas were reduced by 58 and 43%, 
respectively. The results of microscopic examination of the 
amyloidomas were similar to those described in the ALk HIG 
study. 

We had previously demonstrated that the amyloid-reactive 
mll-lF4 mAb accelerated amyloidolysis in mice bearing AA 
hepatic and splenic deposits (13, 20). Because of the unavail- 
ability of animals with systemic AL amyloidosis, we tested the 
therapeutic efficacy of the cl I-1F4 mAb (which had been 
shown immunohistochemically and by ELISA to react with AA 
fibrils) in the in vivo AA model. This form of amyloid was 
induced over a 10-day period by a standard protocol that in- 
cluded injections into 10 mice of silver nitrate and AA-derived 
fibrils, i.e., AEF (Fig. 7). Five of these animals then received 
100-u.g i.v. doses of the antibody on days 14, 17, 20, and 23, 
whereas the remaining 5 served as untreated controls. The 
animals were sacrificed on day 24 and the liver, spleen, and 
kidneys examined histochemically. The most pronounced inter- 



3836$ Immunotherapy in Primary (AL) Amyloidosis 



Uterus 



Pancreas 



Table 2 ALk (HIG) amyloidoma study 



anti-V L I 



chimeric 
11-1F4 




Fig. 5 Reactivity of c U-IF4 mAb with human vascular AL-containing 
amyloid deposits. The left and right panels illustrate the results obtained 
when uterine and pancreatic tissues from patients with k4- and \8- 
associated AL amyloidosis, respectively, were studied, (top: Congo red 
(CR) stain; middle: anti-V L subgroup-specific mAb; bottom: cll-lF4 
mAb; original magnification, X200). 




Control Murine Chimeric Control 
(no mAb) 11-1F4 11-1F4 (MOFC31C) 

Fig. 6 Monoclonal amyloid antibody 11-1 F4-mediated resolution of a 
human ALk amyloidoma. Appearance of residual AL amyloid tumor 
(HIG) on day 15 in an untreated animal (control, left) and in mice given 
injections of ml 1-1F4 mAb, cll-lF4 mAb, or mlgGlK protein MOPC 
31C (control, right) 48 h after amyloidoma induction and then again on 
days 4, 6, 8, 10, and 12. 
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Table 3 ALA (BAL) amyloidoma study 




Antibody treatment 


Weight of 
residual 
amyloidoma (g) a 


Percentage 
of 

reduction* 


Murine 11-1F4 mAb 
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Fig. 7 Protocol for systemic A A amyloid induction and immunother- 
apy. A A amyloid was induced in mice by injections of silver nitrate 
(AgN0 3 ) on days 1 and 10 and AA fibrils (AEF) on day 1. Groups of 
animals received either m or cl 1-IF4 mAbs at the times indicated. 
Another (control) group remained untreated. 



stitial congophilic deposits in both control and treated animals 
occurred within the spleen. The amount of this material was 
quantitated using image analysis and spectral segmentation 
techniques from 4-u,m thick Congo red-stained sections. As 
illustrated in Fig. 8, there was a statistically significant decrease 
(P = <,05) in the mean splenic amyloid burden of the cl 1-1F4 
mAb-treated mice versus untreated controls (amyloid burden 
index, 0.450 and 1.1 95 1 respectively). This reduction in splenic 



amyloid was calculated to be 62%, as compared with 79% in the 
animals that received the mll-lF4 reagent. 

Discussion 

On the basis of the results of the comparative immunolog- 
ical analyses (fibril binding, dot blot, and immunohistochemical 
assays), it was evident that the reactivity of the cl 1-1F4 mAb 
was identical to that of the original murine antibody. Moreover, 
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Fig. 8 Chimeric 11-1F4 mAb-induced resolurion of systemic murine 
AA amyloid. Graphic representation of percent of AA amyloid remain- 
ing in splenic tissue obtained from mice that were injected with the 
C11-1F4 (treated) and those that received no antibody (control). The 
amyloid burden index (ABI) was calculated according to the following 
formula: ABI - CR + area/total area X 100. 



as demonstrated in studies involving mice bearing human AL 
amyloidomas or murine AA splenic deposits, the modified re- 
agent, in which the mouse heavy and light chain constant region 
domains were replaced by their human counterparts, also was 
capable of accelerating amyloidoiysis. Although the precise 
mechanism(s) responsible for this response is subject to addi- 
tional investigation, we have shown that the Fc region of the 
1 1 - 1 F4 antibody molecule is essential to initiation of an immune 
effector response that leads to amyloid degradation (13); thus, 
we attribute the lesser degree of resolution achieved with the 
chimeric reagent in the two mouse models to the presence of 
human, rather than murine protein, in the Fc portion of the 
immunoglobulin molecule. 

Notably, both types of 11-1F4 mAbs were capable of 
accelerating removal of the ALk and AL\ amyloidomas. How- 
ever, as generally found in our previous in vivo studies involving 
the murine reagent and four x-type and eight \-type extracts, the 
latter took somewhat longer to resolve (13). The factor(s) re- 
sponsible for this difference remains to be determined. 

With regard to potential toxicity, the cl 1-1F4 mAb, as with 
its murine counterpart, specifically recognized AL fibrils and 
failed to bind native light chains, with the exception of k4 
molecules. Presumably, this reactivity would not have an ad- 
verse effect clinically, given the fact that immunoglobulins 
bearing k4 light chains represent <5% of the total human IgK 
population (21). Furthermore, there were no abnormalities noted 
microscopically in the liver, spleen, or kidneys of the cl 1-1 F4 



mAb-treated animals, and in contrast to the c mAb Rituximab, 
this reagent had little or no reactivity with human tissue. 

The demonstration of the effective performance of the 
cl 1-1F4 mAb molecule in these in vitro and in vivo studies has 
formed the basis to proceed with full-scale GMP production of 
this antibody for an eventual Phase I/II clinical trial involving 
patients with primary (AL) amyloidosis. 
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Amyloidosis 



Animal Model: Spontaneous 
and Induced Amyloidosis 



Contributed by: Alan S. Cohen, MD and Tsuranobu Shirahama, MD, Department 
of Medicine, Boston University Medical Center, Boston, Mass. 



Biologic Features 

Species Involved (Strains, Breeds, etc). Amyloid has been reported 
to occur spontaneously in a variety of animal species^ogs, 2 cats, 3 
mice, 4 birds 5 and many others. Several strains of mice (A/HeN, AALF, 
AL/N) 6 and the wild white Pekin ducks 7 are said to. have a high spon- 
taneous incidence. 

Amyloidosis can be induced experimentally in many animal species- 
mice, hamsters, guinea pigs and rabbits, etc, although susceptibility to 
tie amyloid-inducing regimen varies among species and strains. 6,8 Our 
present order of susceptibility to amyloid induction by casein injections 
in strains of mice is as follows: a) CBA/J, b) C57BL/6J, c) Swiss white 
(random bred from Charles River Laboratories), d) CsH/Hej, e) Balb/ 

cj and f) SWR/J. 

Clinical or Phenotypic Characteristics as Applicable. General weak- 
ness and loss of the body weight may occur, although there are no 
pathognomonic features. Animals may develop a nephrotic syndrome 
and associated illnesses; death from azotemia may occur. 

Pathologic Features 

Intercellular deposition of amyloid which by light microscopy has a 
hyalin eosmophilic appearance. It stains with Congo red and shows 
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characteristic green birefringence under polarized light after such 
staining. It is PAS-positive and demonstrates crystal violet and methyl 
violet metachrornam 19 In the electron microscope, amyloid in situ 
consists of characteristic fibrils approximately 100 A wide, indetermi- 
nate in length, rigid, nonbranching and often arranged in random 
array. 1 - 10 The deposition usually appears first in the perifollicular zone 
of the spleen, then in Disse s space in the liver and in the glomerular 
mesangial region in the kidney 

When the animal is kept for a long period of time on an amyloid- 
inducing regimen, the deposition is wide-spread in a variety of organs, 
including the blood vessels. 10 

Essentials for Definitive Recognition. The recommended procedure 
for identification of amyloid deposits in tissue is: a) fixation of tissue in 
formalin, b) staining with alkaline Congo red, c) demonstration of the 
characteristic green birefringence for amyloid by polarizing microscopy 
and, if feasible d) demonstration of the characteristic amyloid fibrils 
by electron microscopy of osmium-fixed tissue sections (Figure 1). 

Experimental Procedures used. A wide variety of methods for experi- 
mental induction of amyloidosis have been introduced. 1410 At the 
present time, repeated injections of casein, as originated by Kuczynski in 
1922, 11 seems to be an easily reproducible method. Generally, daily 
subcutaneous injections of 0.25 to 0.5 ml of 5 to 10% casein solution 
(which can be dissolved in approximately 0.05 N sodium hydroxide or 
0.3 N sodium bicarbonate, with stirring and warming to 50 to 60 C ) into 
mice usually produce amyloidosis in 3 to 4 weeks; 2 to 3 weekly injec- 
tions of 1 to 2 ml of the casein solution into guinea pigs will induce 
amyloid within 2 to 4 months; while 2 to 3 weekly injections with 5 ml 
of the solution into rabbits will produce it within 3 to 5 months. These 
procedures, when established in a laboratory, are reproducible and 
induce amyloidosis in virtually 100S5 of the treated animals. Occasionally, 
longer periods of casein injection will be necessary before amyloid 
becomes apparent. However, the results are not always totally repro- 
ducible between laboratories; very subtle changes in the experimental 
conditions (for example, change of animal strains, change of the location 
of the laboratory, etc) can occasionally affect the induction of amyloid. 4 



Comparison with Human Disease 

Differences From and Similarities with the Human Model. Experi- 
mentally induced amyloidosis in animals is comparable in virtually all 
respects with human amyloidosis 12 hy histologic and electron micro- 
scopic standards. 1 * 41012 It is likely that immunologic and . biochemical 
differences will be discernible with future study. 
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Fig 1 — Amyloidosis experimentally Induced by casein injections in a rabbit renal 
glomerulus. Am -amyloid fibrils, BM- basement membrane, CL-capillary lumen, End- 
endothelial cell, Ep»epithelial cell, Me-mesangial cell, Ur- urinary space ( x 6000)* 
Inset — A clearer demonstration of amyloid fibril structure ( X 24,000). 



Definitive Diagnosis. Recognition of amyloid deposition in the tissue, 
as defined by the appearance of green birefringence on polarization 
microscopy after Congo red staining. 

Pathologic Features. As described above. 

Problems Needing Solutions. More refined and faster methods for 
amyloid induction in reproducible fashion from laboratory to laboratory 
need to be established 

Usefulness and Availability of This Model 

Since the model is quite comparable to human disease, it has been 
and can ba used for studies of the course, pathogenesis and treatment 
of amyloid. 

Animals (especially mice) suitable for experimental induction are 
readily available through commercial laboratories. 
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Abstract 

In vivo amyloids consist of two classes of constituents. The first is the disease-defining protein, (Umyloid 
(AB), in Alzheimer's disease. The second is a set of common structural components that usually are the build- 
ing blocks of basement membrane (BM), ■ tissue structure that serves as a scaffold onto which cells normally 
adhere. In vitro binding interactions between one of these BM components and amyloidogcnic proteins rapidly 
change the conformation of the amyloictogenic protein into amyloid fibrils. The offending BM component is a 
heparan sulfate (HS) proteoglycan, part of which is protein and the remainder a specific linear polysaccharide, 
which is the portion responsible for binding and imparting the typical amyloid structure to the amyloid pre- 
cursor protein/pepHde. Our put work has demonstrated that agents that inhibit the binding between HS and 
the amyloid precursor are ef/ectiveantiamybid compounds bom in vitro and mvivo-Similariy^deoxy analogs 
of glucosamine (a precursor of HS biosynthesis) are effective antiamyloid compounds both in culture and in 
vivo. Our continuing work concerns (1) the testing of our 4-deoxy compound* in a mens? transgenic model of 
Alzheimer's disease, and (2) the continuing design and synthesis of modified sugar precursors of HS which 
when incorporated into the polysaccharide will alter its structure so that it affects its amyloid-inducing prop- 
erties. Since our previous report 22 additional compounds have been designed and synthesized based on the 
• known steps Involved in HS biosynthesis. Of these, 12 soluble compounds have been assessed for their effect 
on HS biosynthesis in hepatocyte tissue cultures. In addition, one anomer of a 4-decxy-D-glucosamine analog, 
which possesses AA-amyloid mhibitory properties in vivo is In the process of being assessed for its anti-AB 
wHvity using a murine transgenic model of brain Afl amybidogenesis. The majority of the novel sugars pre- 
pared to date are analogs of Nstwrylgjucosairiine. They have been modified at the 2-N, C*, C4, C3 and C-4 
OrC-6 positions. One compound modified at the 2-N position (QS231), which inhibits HS synthesis in hepato- 
cyte culture, has shown marked enhancing properties tresis AA amyloid deposition in vivo. Very in/tru* 
live results with regard to HS structure and its relation to AA amyloid deposition should be fc^comtne from 
analyses of the AA-aModated HS generated with this compound. Two additional compounds, QS431, modi- 
fied at C-4, and QS610, modified at C6, have been shown to have marked inhibitory and stimulatory effect, 
respecuvely, on hepatocyte HS synthesis. These compounds are presently being assessed in vivo in AA amy- 
tout deposition models. ' 

SA £ dex Enlries: A & wnybld; binding; glycosaminoglycan. (GAGs); glucosamine analogs; heparan sulfate; 
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Introduction Alternatively, altering the structure at the 2-position 

Nature of Amyloid uronate, or of the amino group of the glucc- 

a , - . . , „ , „ samine residue, would likely change the manner in 

tei^St ^ S^^^S 1 ^^" ^^polysaccharide chain is sulfated. 

£S2? Sf^T" Amyloid deposits axe m the proper epimerfzaaon and sujfttion of the 
mvolved in the pathogenesis of disorders such as uronate, modification of glucosamine precursors at 

t£Z£Z££S f^T^^S^rj ^ted HsLul, therefore, one that will probably not 

daa ^f JM ^V!S^ a !ook interact with amyloidogenic proteuu/peptides 
and stam the same in tissues, over 20 different pro- 6 F ^ 

tein types have been identified (Westermark, 1997). Materials and Methods 
In vivo, each amyloid is composed of two classes of rk~~u.i c. 
components (Kisilevsky and Fraser, 1997): The first Lhem,Cil Syndeses 

is the defining protein; the second is a set of common Since the commencement of our project, 56 novel 
structural constituents. These include serum amy- ^S* 1 * ^ve been designed and synthesized. The 
loid P, proteoglycans, usually perlecan (the basement stmctures of many of these have been listed in pre- 
membrane IBM] form of heparan sulfate [HSJproteo- Yious publications. Some of the more recent com- 
glycan [HSPG)), lamlnin, collagen IV, and apolipopru- pounds might have proprietary interest, for which 
tein E. Substantial evidence indicates that interactions Kasm tndr syntheses and structures are not pre- 
between the common components and the amyloid- sent *d in detail. Following favorable results from 
ogenic protein play a role in amyloidogene9is our m vlfcro tBS,iA $ w. hepatocyte culture, consider- 
(Ksdevsky and Eraser, 1997). Of particular impor- »W*dte» wwptaced ondevdopingmethodologiea 
taju»MetheglycosammogIycans(GAGs)HSand/or for the Preparation of the larger quantities of an 
heparin. In the cases of amyloids associated with !Lnc,mer of a 4-deoxy-glucosamine analog required 
inflammatory diseases (AAamyloid) ami Alzheimer's ^ its in .vivo testing as an antf-Ap amyloid corn- 
disease (B-amyloid fABJ), such amyloid-associated pound a mouse transgenic model of Alzheimer's 
GAGs have been shown to have subtle changes in dis « a5 «< This study is now in progress. 
Btruc^uTeOindaU 6181,1995,1996,1999,0^3111 and During the past 12 mo, 22 compounds have been 
Undahl, 1997) and, wheninteractmgwith their respec- desi 8 ned *ud Synthesized based on me known steps 
live amyloidogenic proteins, have the ability to alter mV0 ^^™HSbiosynmesis.Of these, 12solublecom- 
their conformations so that they take on the structural pounds have been assessed for their effect on HS bio- 
characteristics typical of an amyloid (McCubbin et ^t^^lnhepatcxTtetissuecultures. The effe<^ of thnM 
al.,1988;MckuxinetaL, 1999a, 1999b; Kisilevsky and of these compounds on HSbiosyn thesis and the effects 
Fraser, 1997; Castillo et al., 1998). of one on in vivo amyloidogenesis willbe presented. 

Amyloidogenic Protein and Heparin/HS: GAG Synthesis 

Complementary Binding Domains Mousehepatocyteswereisoktedandplaced incul- 

The structural features of theHS-blndlng domain tm ' ** dcsaibed previously (Subrahmanyan and 

of serum amyloid A (SAA) and A6 have been illus- rcsilevsky, 1988; Thomas et al., 1995; Beridn et al.,- 

(rated In our previous reports, Parts I and II 2000b). These hepatocytes were cultured for 

(Kisilevsky and Szarek, 2002a, 2002b). 24 h in the absence or presence of varying concen- 

trations ofthe novel sugar analogs. PHJGlucwainme 

Rationale and P»S]SO« were used to monitor the synthesis and 

The rationale for the syntheai* of novel GAG siurar ^^^^^^^^escnbeA^. 

and the biosynthetic steps that are responsible for etaL ' W5 ' BerJanetal v 2000a, 2000b). 

their production (Lindahl et aL, 1989). Altering the Macrophage Tissue Culture Induction 

slructuieatmt4-positiOT of AA Amyloid 

Z^Tg^IZ^ !** * e AA amyloid was induced in J774 mouse mam> 

f£Z t^l^^Zl TtX^ZZ^ ph ££T* SP™ U * in * * ^edification of the 
X ^ V m tee Polysaccharide, method described previously (Kluve-Beckerman et 

* > • 
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al v 1999). Briefly, J774 cultures were grown to 75-80% 
confluencein RPMlmediuin for 24 h, following which 
the medium was changed to include 20 pg amyloid- 
enhancing factor (AEF). After an additional 24 h, 
the medium was changed to include high-density 
Upoprotein/SAA (the AA amyloid precursor) ± the 
compound of interest in appropriate concentrations. 
Cultures were maintained in this manner for 6 d, af tor 
which they were fixed and stained with Congo xed. 

In Vivo AA Amyloid Induction 

AA amyloid was induced in 6- to 8-wk-old CD1 
mice with AEF and AgNO* as an inflammatory 
stimulus/ as described previously (Kisilevsky et al.. 



1995). Twenty-four hours after induction groups of 
5 animals were treated with Q5231 at3 or 6 mg/dose, 
administered intravenously every 12h, and sacrificed 
by Cp2 narcosis 5 d after the commencement of ther- 
apy. The quantity of amyloid/unit area of tissue 
(spleen and liver) was determined by image analysis, 
asdescribedprtvtou9ly(KisUev^ 
amybid was corrected for the changem^^ 

Results and Discussion 

The inhiWtoiy effect of Q5231, a glucosamine 
analog with modification of a 2-N substituent, on 
H5 synthesis has been reported in a previous posi- 
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tion paper. Us effect on spleen weight during the 
inductionof AA amyloidosis is JUu«trated in Fig. 1A. 
Spleen weights to untreated mice average 80 mg. 
Following amyloid induction over a 6-d period, and 
because 0/ the systemic response to inflammation, 
spleens increase in size to about 180-185 mg, QS231 
limited the splenic increase in weight to 130 mg, sim* 
ilar to that seen with many other compounds that 
inhibit HS biosynthesis. In contrast to other HS 
biosynthettc inhibitory agents tested in viva that 
inhibited amyloid development QS231 had a 



marked enhancing effect on AA amyloid deposition 
(Fig. IB). This surprising and fascinating result is 
potentially very instructive. These data have pro- 
vided an opportunity to isolate and determine the 
structure of a specific amyloid-associated HS that 
enhances AA amyloid induction. Such structural 
information might indicate the critical elements that 
correlate with AA axnyloidogenesis. 
The effects of different concentrations of eom- 

SEE? 9 s4 ? 1 md 05610 on PHJgluoosamine and 
I 'SjSO, incorporation into hepatocyteHS are illus- 
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traled in Fig. 2, A and B, respectively. QS431, an of l-aMtwnido-^eoxy-D-jlucos* and 2-acetBinido- 

analog of glucosamine with a modified substituent 2-deoxy-D-xylosa and their effects on glycoconjugate 

at C-4, has a profound inhibitory effect on HSbiosyn- biosynthesis. Carbohydr. Rts. 325, 30-45 

thesis by hepatocytea in' culture. This is similar to A " Szarek w * A ' and Kisilevsky R. (2000b) 

previous results that we have observed withanomers Synthesteof 4-deoxy-4-fluoroanaioguosof 2-acetamido. 

Of a 4-deoxy-glucosamine analog, agents that have 2^>T;>-g^and2^crt^do-2^eoxy-^g a lactose 

already bZ shew* to inhibit hfvii amyloidoge- '^t^X^tt^™*™^ 

ported in Part 01 tKisilevsky et al., 2003]). C^lSX^^^U H., Judge M. 

g&43l is now bemg assessed for antiamyloid prop- Sheardown M. J., Rimvall 1C, et aJ. (1998) Sulfate con- 

erties in culture and in vivo. QS610 and a related ««d specific glyeosaminoglycan backbone of per- 

compound, QS611— glucosamine analogs with sub- lecan Sre critical for perleoan's enhancement of islet 

. sHtuent modifications at C-6— both had stimulating J^y^^ol)T«ptide(a]nyliri) fibril formation. Dwifto 

pected results with QS23? although QS610 and ^^^t^T* 

22? *tw £? L biosynthesis, they might be Kisilevsky R. and Szarek W.A. (2002a) Novel glycos- 

responsiDie lor Hb having a structure that will not aminoglycan precursors as anti-amyloid agents in 

support AAamyloidogenesis. Thesecompounds are Cwwrry ana Develop ment for Alzheimer's Disease 

therefore being assessed for their effects on AA 2m < Rllit H. M., and O'Connell, A. W.,eds., Springer, 

amykidogenesis in culture and in vivo. „ New York, pp. 98-105. 

To date, the chemical design and synthetic pro- R - Sz4r «k W. A. (2002b) Novel glycw 

cedures adopted arc producing a range of desired f&^S^^^'^^^ 9 ^ 

compounds in good yield. Modifications in Kis^TS^tSraserP.E.KongX Q Hultin 

<_-o, or C-3 and C-4 positions. The most interesting in vivo using small-molecule anionic sulphonates or 

results have emerged with modifications at the 2-N, sulphates: implications for Alzheimer 's disease. Nature 

C-4, or C-6 positions. Our in vivo results to date indi- • 1 143-148. 

cate that modification of HS Structure might inhibit Ki »"« V8k y ^ S*arek W. A., Ancsin J., Bhat S., Li Z., and 

or enhance amyloid deposition and add further I ^" eS -«j^N^«l8b^»«ninogiycKi precursors 

weight to our hypothesis that HS plays a major role Si*^ * 8WU *' m ' 1 Moh Neur0Mi - 20 ' 
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prepanng compounds and having the desired results M. D. (1999) A cell culturesystem for the study of amv- 

m vitro and m vivo, in good yield by relatively inex- loid pathogenesis— amyloid formation by peritoneal 

pensive synthetic pathways, has been demonstrated. macrophages cultured with recombinant serum amy- 
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Abstract 

In vivo amyloids consist of two classes of constituents. The first is the disease-defining protein, e.g., amy- 
loid p (Ap) in Alzheimer's disease (AD). The second is a set of common structural components that usually are 
the building blocks of basement membrane (BM), a tissue structure that serves as a scaffold onto which cells 
normally adhere. In vitro binding interactions between one of these BM components and amyloidogenic pro- 
teins rapidly change the conformation of the amyloidogenic protein into amyloid fibrils. The offending BM com- 
ponent is a heparan sulfate (HS) proteoglycan (HSPG), part of which is protein, and the remainder is a specific 
linear polysaccharide that is the portion responsible for binding and imparting the typical amyloid structure to 
the amyloid precursor protein/peptide. Our past work has demonstrated that agents that inhibit the binding 
between HS and the amyloid precursor are effective antiamyloid compounds both in vitro and in vivo. Simi- 
larly, 4-deoxy analogs of glucosamine (a precursor of HS biosynthesis) are effective antiamyloid compounds 
both in culture and in vivo. Our continuing work concerns (1 ) the testing of our 4-deoxy compounds in a mouse 
transgenic model of AD, and (2) the continuing design and synthesis of modified sugar precursors of HS, which 
when incorporated into the polysaccharide will alter its structure so that it loses its amyloid-inducing proper- 
ties. Since our previous report, 14 additional compounds have been designed and synthesized based on the 
known steps involved in HS biosynthesis. Of these, eight have been assessed for their effect on HS biosynthe- 
sis in hepatocyte tissue cultures, and the two anoihers of a 4-deoxy-D-glucosamine analog have been assessed 
for their inflammation-associated amyloid (AA amyloid) inhibitory properties in vivo. The promising in vivo 
results with these two compounds have prompted studies using a murine transgenic model of brain AP amy- 
loidogenesis. A macrophage tissue-culture model of A A amyloidogenesis has been devised based on the work 
of FQuve-Beckerman et al. and modified so as to assess compounds in the absence of potential in vivo con- 
founding variables. Preliminary results indicate that the anomers of interest also inhibit AA amyloid deposi- 
tion in macrophage tissue culture. Finally, an in vitro technique, using liver Golgi (the site of HS synthesis) 
rather than whole cells, has been devised to directly assess the effect of analogs on HS biosynthesis. The major- 
ity of the novel sugars prepared to date are analogs of N-acetylglucosamine. They have been modified either 
at the 2-N, C-3, C-4, or C-3 and C-4 positions. Results with the majority of the 2-N analogs suggest that hepa- 
cyte N-demethylases remove the N-substituent removal. Several of these have the desired effect on HS biosyn- 
thesis using hepatocyte cultures and will be assessed in the culture and in vivo AA amyloid models. To date 
3-deoxy and 3,4-dideoxy analogs have failed to affect HS synthesis significantly Compounds incorporating the 
6-deoxy structural feature are currently being designed and synthesized. 

Index Entries: AP; binding; glycosaminoglycans (GAGs); glucosamine analogs; heparan sulfate; SAA. 
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Introduction 

Nature of Amyloid 

Amyloid is the term for extracellular fibrillar pro- 
tein deposits that have a specific set of staining and 
structural characteristics. Amyloid deposits are 
involved in the pathogenesis of disorders such as 
Alzheimer's disease (AD), adult onset diabetes, joint 
destruction during prolonged hemodialysis, and 
several other rarer disorders. Although amyloids all 
look and stain the same in tissues, >20 different pro- 
tein types have been identified (Westermark, 1997). 
In vivo, each amyloid is composed of two classes of 
components (Kisilevsky and Fraser, 1997). The first 
is the defining protein; the second is a set of common 
structural constituents. These include serum amy- 
loid P; proteoglycans, usually perlecan (the base- 
ment membrane form of heparan sulfate [HS] 
proteoglycan [HSPGD, laminin, collagen IV, and 
apolipoprotein E. Substantial evidence indicates that 
interactions between the common components and 
the amyloidogenic protein play a role in amyloido- 
genesis (Kisilevsky and Fraser, 1997). Of particular 
importance are the glycosaminoglycans (GAGs) HS 
and/or heparin. In the cases of amyloid associated 
with inflammatory diseases (AA amyloid) and AD 
(Aj$), such amyloid-associated GAGs have been 
shown to have subtle changes in structure (Lindahl 
et al., 1995, 1996, 1997, 1999); and when interacting 
with their respective amyloidogenic proteins, have 
the ability to alter their conformations so that they 
take on the structural characteristics typical of an 
amyloid (McCubbin et al., 1988; Kisilevsky and 
Fraser, 1997; Castillo et aL, 1998; Mclaurin et al., 
1999a, 1999b). 

Amyloidogenic Protein and Heparin/HS: 
Complementary Binding Domains 

The structural features of the HS binding domain 
of serum amyloid A (SAA) and Ap have been illus- 
trated in our previous reports, Parts I and II 
(Kisilevsky and Szarek, 2002a, 2002b). 

Rationale 

The rationale for the synthesis of novel GAG sugar 
precursors follows from thestructureof heparin/HS, 
and the biosynthetic steps that are responsible for 
their production (Lindahl et al, 1989). Altering the 
structure at the 4 position of either the glucosa- 
mine or the uronate residues would interfere with 
the growth of the GAG chain, as this position is nec- 
essary for the a-(l -» 4) linkages in the polysaccha- 
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ride. Alternatively, altering the structure at the 2 posi- 
tion of the uronate, or of the amino group of the glu- 
cosamine residue, would likely change the manner 
in which the growing polysaccharide chain is sul- 
fated. In addition, because N-sulfonation is a 
required step in the proper epimerization and sul- 
fation of the uronate, modification of glucosamine 
precursors at the amino group may result in modi- 
fied or undersulfated HS and therefore, one that 
will probably not interact with amyloidogenic 
proteins/peptides. 

Materials and Methods 

Chemical Syntheses 

Since the commencement of our project, 34 novel 
sugars have been designed and synthesized (Table 1 ). 
Compounds 1-20 (other than 17B) were disclosed 
in our previous report. In our last report, only one 
of the two anomeric forms of compound 17 had been 
synthesized and tested. New synthetic strategies 
have since been devised that allowed the prepara- 
tion of both anomers (17A and 17B). Following favor- 
able results from our in vitro testing in hepatic 
culture, a considerable effort was placed on devel- 
oping methodologies for the preparation of the larger ^ 
quantities of 17A required for its in vivo testing as 
an anti-Af} compound in a mouse transgenic model 
of AD. In addition, a further 13 novel sugars have 
been prepared (Table 1). Of these 13 compounds, 
21-27 have been assessed in hepatocy te cultures for 
their effects on HS biosynthesis. The remaining 
6 compounds, 28-33, proved to be insoluble in cul- 
ture media. 

GAG Synthesis 

Mouse hepatocytes were isolated and placed in 
culture as described previously (Subrahmanyan and 
Kisilevsky, 1988; Thomas et al., 1995; Berkin et al, 
2000a, 2000b). These were cultured for 24 h in the 
absence or presence of varying concentrations of the 
novel sugar analogs. [ 3 H]Glucosamine and P^ISC^ 
were used to monitor the synthesis and sulfation of 
the newly made HS, as described previously (Sub- 
rahmanyan and Kisilevsky, 1988; Thomas etal., 1995; 
Berkin et al v 2000a, 2000b). 

Macrophage Tissue Culture Induction 
of AA Amyloid 

AA amyloid was induced in J774 mouse macro-, 
phage tissue cultures using a modification of the 
method described previously (Kluve-Beckerman et 
al., 1999). Briefly J774 was grown to 75-80% conflu- 
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Table 1 



Structures of Glucosamine Analogs 
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"Disclosed in previous reports (Kisilevsky and Szarek, 2002a and 2002b). 
*Did not dissolve in biological medium. 
£ Berizyl2-acetamido-4,6<)-benzyIidene-2;3^ 
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Table 2 

Percent AA Amyloid per Unit Area of Tissue in Mice Treated Either with Compound 17A or 17B 

Normalized to the Untreated Controls 8 



Spleen Wt. Spleen 

Compound Group Uver Spleen (mg) corrects 



17A/Expl Control 100 100 184 100 

6mg/bid 16.7 46.2 117 29.4 

17A/Exp2 Control 100 100 177 100 

3mg/bid 121 106 136 81.4 

6mg/bid 35.7 35.7 123 24.8 

17B Control 100 100 192 100 

3mg/bid 83.8 66.4 148 51.2 

6 mg/bid 70.3 57.6 HI 3^3 



The results in each experiment are the mean of five animals per group expressed as a percent of the untreated amyloid 
group. The spleen weights are expressed in mg. The five Corrected Spleen Amyloid accounts for the changes in spleen 
weight relative to the Controls (bold), which occur because of the treatment with compound 17A or 17B. Normal spleen 
weights in mice 6-8 wk of age are -80 mg. 



ence in RPNfl medium for 24 h, after which the medium 
was changed to include 20 ng amyloid-enhancing 
factor (AEF). After an additional 24 h, the medium 
was changed to include high-density lipoprotein 
(HDU/SAA (the AA amyloid precursor) ± the com- 
pound of interest in appropriate concentrations. Cul- 
tures were maintained in this manner for 6 d, after 
which they were fixed and stained with Congo red. 

In Vivo Amyloid Induction 

AA amyloid was induced in 6- to 8-wk-old CD1 
mice with AEF and AgNO^ as an inflammatory stim- 
ulus/ as described previously (Kisilevsky et ah, 1995). 
Twenty-four hours after induction, groups of 5 ani- 
mals were treated either with 17A or 17B at 3 or 
6 mg/ dose administered iv every 1 2 h and sacrificed 
by C0 2 narcosis 5 d after the commencement of ther- 
apy. The quantity of amyloid/unit area of tissue 
(spleen and liver) was determined by image analy- 
sis, as described previously (Kisilevsky et al., 1995). 
Splenic amyloid was corrected for the change in 
spleen weight as indicated in Table 2. 

Results 

The effects of different concentrations of com- 
pounds 21-27 on [ 3 Hlglucosamine and [ 35 S]S0 4 
incorporation into hepatocyte HS are illustrated in 
Figures 1-7, respectively Note that although not as 
effective as 17A and 17B, compound 24, which has 



a 2-N-substituent that is not likely to be removed by 
Uver demethylases, does have HS biosynthesis 
inhibitory properties. 

The effect of the anomeric forms of compound 17 
on AA amyloid deposition in vivo is illustrated in 
Table 2. Preliminary observations of the effect of 17B 
in the tissue-culture model of AA amyloid were 
extremely encouraging. Compound 17B inhibited 
amyloid deposition by 95% or more. 

Discussion 

To date, the chemical design and synthetic pro- 
cedures adopted are producing a range of desired 
compounds in good yield. Modifications in 
^glucosamine have been made at the 2-amino group 
and at the C-3, C-4, C-6, and C-3 and C-4 positions. 

As exemplified previously with compounds 1, 2, 
and 3, N-alkyl group substitutions in glucosamine 
provide data that can best be explained by the enzy- 
matic N-delaky la tion of the synthesized compounds. 
The net result is the generation of unlabeled glu- 
cosamine, which dilutes the labeled glucosamine 
pool, a feature appearing as a spurious inhibition of 
GAG synthesis. Strategic substituent modifications 
at the 2-amino position have been introduced to obvi- 
ate removal of the N-substituen t. Compound 24, pos- 
sessing an N-sulfonamido substituent that cannot 
be removed by the liver N-dealkylases, is effective 
in inhibiting HS biosynthesis at concentrations advo- 
cating that it should be evaluated in vivo. 
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As shown in our previous position papers 
{Kisilevsky and Szarek, 2002a and 2002b), the effect 
of compound 17 (mixed anomers) on the biosyn- 
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thesis of liver HS can best be interpreted as truncat- 
ing elongation of the growing GAG chain; the a- 
anomer 17A was effective in substantially reducing 
the quantity of spleen and liver AA amyloid in an in 
vivo model of mouse AA amyloid induction. In such 
a model we have now shown that both 17A and the 
p-anomer 17B can, over a 5-d period, significantly 
reduce the quantity of AA amyloid accumulating in 
both the livers and spleens. Furthermore, prelimi- 
nary results indicate that 17B at a concentration of 
0.1 mM can virtually eliminate AA amyloid deposi- 
tion in tissue culture, negating the possibility that 
these compounds act by reducing the concentration 
of SAA in vivo. These results add further weight to 
our hypothesis that HS plays a major role in amy- 
loid ogenesis. Inhibition of HS elongation by 17A or 
17B identifies a strategy, and lead compounds, for 
the inhibition of amyloidogenesis. Large-scale syn- 
theses have been developed in preparation for their 
assessment as inhibitors of Ap deposition in a mouse 
transgenic model of AD. 

Our results to date have identified several com- 
pounds (17A, 17B, and 24) that have the desired 
effects in hepatocy te cultures. Compounds 17A and 
17B truncate HS chain elongation, do not affect pro- 
tein synthesis, and do inhibit AA amyloidogenesis 
in tissue culture and in vivo in both liver and spleen 
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(Table 2). Also, the feasibility of preparing com- 
pounds, having the desired results in vitro and in 
vivo, in good yield by relatively inexpensive syn- 
thetic pathways, has been demonstrated. The com- 
pounds that we have designed and synthesized both 
in the past and present are indeed compounds that 
have proven to be antiamyloid active compounds in 
vivo. As such, they represent promising lead candi- 
dates for the development of AD therapeutics. 
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Abstract 

vitro binding interactions bet^eeToae SE^ SS ^ a scaffold onto which cell, normally adhere. J n 
theco«n^no*o/1^ 

sulfate (HS) proteoglycan <HSrc?Srt5S* £3. ? 11,8 component is a heparin 

which ialheSwSon^^rSr f^t^iZ^I P S * e remamder » specific linear poIysei*haride, 

the amyloid PMa^Ire^Z^-H .^.T^S ^ ag 6 "* that Inhibit the binding between HS and 

last year, 10 more bveUSdtoSSS^L ^f>^ s f- ^ addition to th.4 reported 

i»-«W^ «2^^ modified eitherae 

AW-a-MiaSiwS^^ ^ 0gU f S *** «»K««ng that hepatocyte 

that bi<»ynthehc inhibition ia oSSrtSlb *15w!£SE£^ 

the* rignificntiy. CoinpoundVtaSrt&i^i^ ^Se3^JS^Slf5^i? ( h ed to 5ulfate 

and terminate* it* elongation. From the Id^Z^Z^o/t X! ZZ ^ u S lftC0 T<>»ted into HS 
vivo model o/ AA^U^u^lS^^X^f KS^, h ?f 0w ^ « an in 

leaat 50%, and liver AA amy^^Et; aST J&L'^i*!? Sple f k J AA "V™ deposition by at 
more, the spleen weights offtreffieSoW i7 fw!3S? * am J f, " d/u « it »»a of Haaue. Further- 
total aplem? «*yl<$was^ ** ■» 

heparan sulfate is a critical factor in amv^do«„»,io^ ^,^ P L *f uIts Provide further evidence that 
syntheai, may provide le-dstTth^ of hepanm aulfate 
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HEPARIN HEPARAN SULFATE 



fig. 1 . Structural features of heparan sulfate/heparin. 



Introduction 

Nature of Amyloid 

Amyloid is a term for extracellular fibrillar pro- 
tein deposits that have a specific set of staining and 
structural characteristics, Amyloid deposits are 
involved in the pathogenesis of disorders such as 
Alzheimer's disease, adult onset diabetes, joint 
destruction during prolonged hemodialysis/ and 
several other rarer disorders. Although, in tissues, 
amyloids all look and stain the same, over 20 dif- 
ferent protein types have been identified (Wester- 
mark* 1997). In vivo each amyloid is composed of 
two classes of components (Kisilevsky and Frasec 
1997). The first is the defining protein. The second 
is a set of common structural constituents, these 
include serum amyloid P# proteoglycans usually per- 
iecan (the basement membrane form of heparan sul- 
fate [HS] proteoglycan [HSPG]) # laminin, collagen 
IV, and apolipoprotein £ » A significant body of evi- 
dence has accumulated Indicating that interactions 
between the common components on the one hand, 
and the amyloidogenic protein on the other, play a 
role in amyloidogenesis (Kisilevsky and Fraser, 
1997). Of particular importance are the gly* 
cosaminoglycane (CAGs) HS and/or heparin. In the 
cases of amyloid associated with inflammatory dis- 
eases (AA amyloid) and Alzheimer's disease (Ap), 
such amyloid-associated GAGs have been shown to 
have subtle changes mstmctuieffindahletal, 1995, 
1996, 1997, 1999), and when interacting with their 
respective amyloidogenic proteins have the ability 
to alter their conformations so that they take on the 
secondary and fibrillar structural characteristics typ- 
ical of an amyloid (McCubbin et al, 1988; Mdaurin 
et aL, 1999a, 1999b; Kisilevsky and Fraser, 1997; 
Castillo etaL, 1998). 

Afnyloidogenic Protein and Heparin/Heparan 
! Sulfate: Complementary Binding Domains 

The structural features of one HS binding domain 
of serum amyloid A(5AA) (theprecursor to AA amy- 
loid) necessary for HS binding are indicated below. 



The critical amino acid residues have been identi- 
fied (Ancsin and Kisilevsky, 1999), and are shown 
enlarged. 

adqeanRHGRsgKdpnyyRfpglpaKy 

An analogous domain has been identified In 
APU-42) (C. Davidson and K. Kisilevsky, unpub- 
lished results) and is shown below. 

dahRHdsctevHHQKlvffaedvc^ 

The general structural features of HS and heparin 
are indicated in Fig, 1, In HS, X may be H or S0 9 H, 
andRmaybeHacetyl, orSOjH- Unpublished exper- 
imental work (J-B. Ancsin, C. Davidson, and R. 
Kisilevsky) has shown that the 6OSO3H group on 
the glucosamine residue of heparin/HS is not nec- 
essary for binding to the HS binding domain of SAA. 
More critical are the 20SO,- on the uronate residue, 
and the N-S0 3 " 0/ the glucosamine residue, both of 
which appear to be necessary for binding to SAA 
and 

Rationale 

The rationalefor thesynthesis of novel GAG sugar 
precursors follows from the structure of heparin/HS, 
and the biosynthetic steps which are responsible for 
their production (Lindahl et al., 1989). Altering the 
structure at the 4-position of either the glucosa- 
mine or the uionate residues would interfere with 
the growth of the glycosaminoglycan chain, since this 
position is necessary for the a-(l->4) linkages in the 

polysaccharide. Alternatively, altering the structure 
atthe2-position of the uionate, or of the amino group 
of the glucosamine residue, would likely change the 
manner in which the growing polysaccharide chain 
is sulfated. In addition, because tf-sulfonation is a 
required step in the proper epimerizadon and sulfa- 
tion of the uronate, modification of glucosamine pre- 
cursor at the amino group will likely result in an 
undeisulfated heparan sulfate product, and therefore 
one that will probably not interact with amyloido- 
genic pxofceins/peptides. 
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Structures of Glucosamine Analogues 
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Materials and Methods 
Chemical Synthese$ 

Since the commencement of our project 20 novel 
sugars have been designed and synthesized (Table 
1 ). Compounds 1, 2, and 3 were disclosed in our pre- 
vious report At the time of our previous report com- 
pound 17 was a mixture of two anomers. A new 
synthesis has been designed that has afforded exclu- 
sively a single anomeric form. Sixteen additional 
novel sugars have been prepared (Table 1), as has a 
Single anomeric form of 17. 



Glycosaminogiycan Synthesis 

Mouse hepatoses were isolated and placed in 

cul^as described previously (Bferkin etal, 2000a, 

!?^™«^ man > ran 41161 K^evsky, 1988; Thomas „ lA _ 
etal., 1995). These were then cultured for 24 h in the Results 
absence or presence of varying concerttrations of the 
novel sugar analogues. pHJGlucosamine and 
r5JS0 4 were used to monitor the synthesis and sul- 
fation of the newly madeHSasdescribed previously 



/ auorwunanyan aru 
KisilevsJcy, 1988; Thomas et al., 1995), 

In Vivo AA Amyloid Induction 

AA amyloid was induced in 6-8-wk-old CD! mio 
with amyloid enhancing factor and AgNOj, as oi 
inflammatory stimulus, as described previoush 
(Kisilevsky et al., 1995). Twenty-four hours afte' 
induction 5 animals were treated with 17 (singli 
anomer), 6 mg/dose administered tnrravenoush 
every 12 h, and sacrificed by CO, narcosis 5 d a/tel 
the cpmmencementof therapy. The quantity of amy- 
Ioid/unrta»a of tissue (spleenand liver) was deter, 
mined by image analysis as described previously 
(Kialeveky etal., 1995). 7 
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I *. * « diH ^ concentrations of com- 
pounds % 1, 3 (6 and 7), (12 and 13), (5 and 11), on 

S? t^T^ md ^ S0 < ln «>rporanon into 
hepatocyte heparan sulfate are illustrated in Figs. 2, 
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3,4,5, 6, and 7, respectively. For comparison the effect 
of increasing concentrations of glucosamine on 
PH] glucosamine and PSJ SO t incorporation into 
hepatocyte heparan sulfate are illustrated in Hg. 8. 
Note that the effects of 1, 2, 3, 6, and 7 on PHI glu- 
cosamineand PS] SO, incorporation are similar to the 
effect of increasing glucosamine concentrations (Fig. 
8). Note that compounds 3, 11, 12, and 13 have rela- 
tively little effect on PH) glucosamine and (*$] S0 4 
incorporation except at the highest concentration. 
; The effect of the single anomeric form of com- 
pound l7on AA amyloid deposition is illustrated in 
Table 2. 

t 

Discussion 

The chemical design and synthetic procedures 
adopted produced the desired compounds in good 
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yidd, the minimum being 60-65% based on thestart- 
ing material The structures of the compounds were 
validated by elemental analysis, NMR spectroscopy 
and mass spectrometry. 

As shown in our previous report the effect of com- 
pound 17 (mixed anomers), or the de-O-acetylated 
counterpart since 17 presumably undergoes intra- 
cellular d^O-acetylation, on the biosynthesis of liver 
heparan sulfate can best be interpreted as terminat- 
ing elongation of the growing glycosamino-glycan 
chain. We have now shown that this compound can, 
over a 5-d period, significantly reduce the quantity 
of AA amyloid accumulating in both the livers and 
spleens when mice are exposed to an AA amyloid 

inductionprotocoLThesei^ulsaddfurtherweight 
to our hypothesis that heparan sulfate plays a sig- 
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nificant role in amyloidogenesis. Inhibition of 
heparan sulfate elongation by 17 identifies an addi- 
tional strategy and lead compound for the inhibi- 
tion of amyloidogenesis. 

As exemplified with compounds l, 2, and 3, 
tt-al)tylgioup substitutions in glucosamine provide 
data that can best be explained by the enzymatic 
de-N-alkylatlon of the synthesized compounds. The 
netresult is the generation of unlabeled glucosamine, 
which dilutes the labeled glucosamine pool, a 
feature appearing as a spurious inhibition of gly- 
cosaminoglycan synthesis. Nevertheless, modifica- 
tions can be introduced at thifi site to obviate removal 
of the N-substttuenfc this approach is in progress. 

As exemplified by compounds 12 and 13, 3-deoxy 
compounds have relatively little effect on hepato- 
cyte heparin sulfate synthesis whereas -SO* substi- 
tutions at thislocationhave a modest inhibitory effect 
at high concentrations. Compounds 18 and 20 are 
examples of 3,4-dideoxy glucosamine analogues, 
which axe currently being assessed for their effect 
on heparan sulftate synthesis. 

Our preliminary results have identified a specific 
anomer of compound 17, which has the desired 
results in tissue culture, truncates heparan sulfate 
chain elongation, does not affect protein synthesis, 
and does inhibit AA amyloidogenesis in both liver 
and spleen by 75^%. These data are in keeping 
wath the chemical design and synthetic objective 
Set OUt in our original proposal. They indicate the 
feasibility of preparing the desired compounds in 
good yield by the relatively inexpensive synthetic 
pathways chosen for this purpose and have the 
aesned results in vitro and in vivo. 
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Table 2 

The Percent AA Amyloid per Unit Area 
of Tissue in Mice Treated with Compound 17 
and In Untreated Controls' 



Treatment group 


Spleen 


Liver 


Controls 

17 (single anomer) 


9.3 i 1.5 
4.3 ±0-9 


2.2 ±0.4 
0,2 ±0.1 



*™ v«u*» «w m«e mean */- 5fcM of 5 animi 
group. For both spleen* and liven, 0.02 <p< 0.05. 
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ABSTRACT Amyloid protein A (AA) amyloidosis is a 
consequence of some long-standing inflammatory conditions, 
and subsequently, an N-terminal fragment of the acute phase 
protein serum AA forms 0-sheet fibrils that are deposited in 
different tissues. It is unknown why only some individuals 
develop AA amyloidosis. In the mouse model, A A amyloidosis 
develops after **25 days of inflammatory challenge. This lag 
phase can be shortened dramatically by administration of a 
small amount of amyloid extract containing an as yet unde- 
fined amyloid-enhancing factor. In the present study, we show 
that preformed amyloid-like fibrils made from short synthetic 
peptides corresponding to parts of several different amyloid 
fibril proteins exert amyloidogenic enhancing activity when 
given i.v. to mice at the induction of inflammation. We 
followed i.v, administered, radiolabeled, heterologous, syn- 
thetic fibrils to the lung and to the perifollicular area in the 
spleen and found that new AA-amyloid fibrils developed on 
these preformed fibrils. Our findings thus show that pre- 
formed, synthetic, amyloid-like fibrils have an in vivo nidus 
activity and that amyloid -enhancing activity may occur, at 
least in part, through this mechanism. Our findings also show 
that fibrils of a heterologous chemical nature exert amyloid- 
enhancing activity. 



Secondary or amyloid protein A (AA) amyloidosis is a life- 
threatening systemic disease in which deposits of amyloid can 
be found in most tissues of the body. The main constituent of 
the amyloid deposits is a fibril formed by /3-pleated sheets of 
protein AA, the latter of which is an N-terminal 44- to ^100- 
amino acid cleavage product of the 104 amino acid precursor 
serum A A (SAA) (for review, see ref. 1). In humans, there are 
at least three different SAA genes coding for SAA1, SAA2 
and SAA4. respectively (2). SAA1 and SAA2 are acute phase 
reactant high density apolipoproteins. These are expressed 
mainly by the liver, but SAA4 is expressed in several different 
tissues (3, 4). N-terminal fragments of SAA1 and SAA2 give 
rise to protein A A and polymerize to amyloid fibrils in humans. 
SAA is a conserved protein, and AA amyloidosis occurs, with 
varying frequency, in many mammalian species and in some 
birds (for review, see refs. 5 and 6). The mouse (Mus muscidm) 
is prone to develop A A amyloidosis and is the most commonly 
used animal model for AA amyloidosis. The two mouse SAA 
isoforms of high density lipoprotein, SAA1 and SAAZ are 
both acute phase reactants, but only SAA2 is amyloidogenic 
and is found as protein AA in the fibrils (7, 8). 

The plasma concentration of SAA is normally low both in 
humans and in mice, but the SAA concentration rises quickly 
at an acute inflammation as a response to cytokines, especially 
interleukin-1, interIeukin-6, and tumor necrosis factor a (for 
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review, see ref. 9), to levels as high as 1 mg/ml. When 
inflammation subsides, the SAA concentration gradually re- 
turns to normal. In humans, AA amyloidosis most commonly 
occurs in individuals with long term active inflammatory 
disease, which, in developed countries, usually is rheumatoid 
arthritis. In developing countries, the common cause of A A 
amyloidosis is a chronic infectious disease among which tu- 
berculosis, leprosy, and malaria predominate (10). However, 
most individuals with these chronic inflammatory diseases 
never develop A A amyloidosis despite the high plasma con- 
centration of SAA. It is still unclear why only a subset of 
individuals develops AA amyloidosis. In contrast to the disease 
in the mouse, there is so far no definite proof of a specific 
amyloid-prone SAA variant in humans, although some SAA 
isotypes may be over represented as amyloid fibrils (11, 12). 
Therefore, in addition to high concentrations of an amyloido- 
genic protein, other factors are important in the pathogenesis 
of AA amyloidosis. 

AA amyloidosis can be easily induced experimentally in 
many strains of mice by a prolonged inflammatory challenge, 
e.g. s.c. injections of silver nitrate or casein (13). It also was 
observed several decades ago that an extract of mouse amyloid 
tissue, given i.v. with the simultaneous induction of inflam- 
mation, dramatically shortens the time for AA amyloid to 
develop (14). The same effect can be achieved by injection of 
cells from mice with AA amyloidosis (15). Despite many 
efforts, the active component [called "amyloid enhancing 
factor" (AEF)] has never been isolated or defined. It has, 
however, been suggested to act like the infectious protein in 
scrapie-related cerebral diseases (16). Because a general con- 
sensus concerning how amyloid deposits develop includes the 
role of a nidus, we previously tested (17) the effect of synthetic 
amyloid-like fibrils made from short peptides on the time 
necessary for amyloid induction and found an AEF-like effect 
of these fibrils. We now present strong evidence that AEF-like 
activity is exerted by synthetic amyloid-like fibrils by serving as 
a nidus on which new A A amyloid fibrils form, 

MATERIALS AND METHODS 

Mice. Outbred female NMRI mice were purchased from 
Bomholtgard Breeding and Research Center (Ry, Denmark). 
The mice were 10-16 weeks of age and had free access to water 
and pellets (Type R 36; Lactamin, Vadstena, Sweden). 

Peptides. C-terminally amidated peptides were synthesized 
as described (18). The following peptides, previously shown to 
be highly fibrinogen ic in vitro, were used: a peptide corre- 
sponding to positions 20-29 of human islet amyloid polypep- 
tide with an added N-terminal tyrosine residue [Tyr-islet 
amyloid polype pt id e(20-29)] (19) and the following regions of 
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human transthyretin (TTR): TTR(10-20), TTR(24-35), 
TTR(105-115) and TTR(1 15-124) (20). 

In Vitro Fibril Formation. Fibrils were made in vitro as 
described elsewhere (19, 20). In brief, synthetic peptides were 
dissolved in 10% acetic acid at a concentration of 10 mg/ml 
and were left for 24 hr at room temperature. The peptide 
solutions then were neutralized to pH 7 with 25% NH 4 OH. 
After 30 min, samples from each of the solutions were dried on 
glass slides, stained with Congo red, and evaluated for green 
birefringence in polarized light, which was found with all 
materials. Negatively stained samples were also studied by 
electron microscopy to verify presence of amyloid-like fibrils. 
The fibril preparations were diluted with distilled water to a 
concentration of 1 mg/ml and were stored at +4°C. 

Labeling of Synthetic Fibrils with 125 I. Because TTR con- 
tains a tyrosine residue at position 116, the peptide TTR(115- 
124) was chosen for labeling. Labeling with Na J25 I (100 
mCi/ml; Amersham) was performed with the chloramine-T 
method (21). Na 125 I (5 uJ) was dispensed into an Eppendorf 
plastic tube placed within a lead cylinder. HQ (5 fx\ of 10 mM) 
then was added to the iodide solution, immediately followed by 
150 jil of freshly made TTR(1 15-124) peptide solution (10 
mg/ml in 10% acetic acid) and 25 fi\ of chloramine T-solution 
(5.2 mg/ml in distilled water). The solutions were mixed, and 
after 10 min, 40 u,l sodium metabisulfphite solution (4.8 mg/ml 
in distilled water) was added, followed 30 sec later by the 
addition of 20 yA of solium iodide (10 mg/ml in distilled water). 

For formation of labeled fibrils, the above peptide solution 
was neutralized with ammonia and left for 30 min at room 
temperature. Bound and free ] - 5 I were separated by dilution 
of the fibril suspension with distilled water followed by cen- 
trifugation at 100,000 x g for 15 min. This latter procedure was 
repeated once. The presence of birefringent Congophilic 
material was verified as described above. The pelleted material 
was diluted with distilled water to the volume of 1.5 ml (1 
mg/ml; specific activity 1.4 mCi/mg) and was used in the 
experiments. 

Preparation of AA Fibril Supernatants Used for AEF 
Activity. AEF was prepared from the livers of mice with severe 
systemic A A amyloidosis as described (17). In brief, liver tissue 
was homogenized in 0.15 M NaCl, followed by centrifugation 
at 15,000 X g for 30 min at 4°C. Homogenization and centrif- 
ugation of the pellet were repeated 10 times. Amyloid fibrils 
subsequently were extracted with distilled water (22), and 
pooled supernatants from the second and third water extrac- 
tions were used as AEF. The total protein concentration was 
1.32 mg/ml as determined by a protein assay kit (Bio-Rad). 

Induction of Amyloidosis. Mice were divided into six groups, 
with 10 animals in each group to determine the AEF effect of 
the synthetic fibril preparations. Each mouse in the experi- 
mental groups received a single injection of 0.1 ml of AEF or 
0.1 ml of the synthetic fibril suspension into the lateral tail vein. 
Both types of fibril suspensions were sonicated briefly before 
injection to reduce possible aggregates. A control group of 30 
animals received an i.v. injection of 0.1 ml of vehicle (10% 
acetic acid neutralized with 25% NH4OH and diluted 10 times 
with distilled water). These i.v. injections were followed im- 
mediately by an s.c. dorsal injection of 0.5 ml of 1% AgN0 3 as 
an inflammatory stimulus. AgNC>3 injections (0.1 ml) were 
repeated on day 7 and, for remaining animals, on day 14. Seven 
animals from each of the experimental groups and the control 
groups were killed on day 10, and the remaining animals of 
each group were killed on day 16. Tissue samples from spleen 
were fixed in 10% neutral buffered formalin and embedded in 
paraffin. In another experiment, 12 mice received TTR( 24-35) 
fibrils i.v., and another 13 mice received the same amount of 
the peptide dissolved in dimethyl sulfoxide. In both groups of 
animals, the injections were followed by dorsal injections of 0.1 
ml of 1 % AgNCb exactly as above, and all mice were killed on 
day 16. 
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Tabic 1. C-tcrminally amidatcd synthetic peptides used for in vitro 
formation of amyloid-like fibrils 



Peptide 


Amino acid sequence 


lAPP(20-29) 


YSNNFGAILSS-NH2 


TTR( 10-20) 


CPLMVKVLDAV-NH2 


TTR(24-35) 


PAINVAVHVFRK-NH2 


TTR(105-115) 


YTIAALLSPYS-NH2 


- TTR(115-124) 


SYSTTAVVTN-NH2 



Fate of Synthetic Fibrils in Vivo, The fate of injected fibrils 
was followed by using a group of 11 mice injected i.v. with 0.1 
ml of 125 I-iodinated TTR(115-124) fibrils, followed immedi- 
ately by an s.c. injection of 0.5 ml of 1% AgN0 3 . The mice 
subsequently were given 0. 1 ml of 1 % AgN0 3 s.c. on days 7 and 
14. Three mice died immediately after the i.v. injection of 
iodinated TTR fibrils. Of the remaining mice, one mouse was 
killed on each of days 1, 6, 11 and 20, and four mice were killed 
on day 22, Samples from spleen, liver, kidneys, lungs, and 
thyroid were fixed in 10% neutral buffered formalin for 24 hr 
and embedded in paraffin or were fixed in 10% neutral 
buffered formalin for 24 hr and subsequently infiltrated in 5% 
sucrose in 0.05 M Tris-Cl buffer (pH 8.0) containing 0.15 M 
NaCl (Tris-buffered saline), and then snap- frozen in Tissue- 
Tek OCT Compound embedding medium (Histolab, Vastra 
Frolunda, Sweden). Small samples of lung tissue from mice 
killed on days 20 and 22 were fixed for 2 hr at room temper- 
ature in 4% paraformaldehyde and 0.5% glutaraldehyde in 
0.1% sodium cacodylate buffer (pH 7.4) containing 0.1% 
sucrose. Thereafter, the samples were dehydrated for electron 
microscopy and embedded in Epon (Agar Aids, Essex, UK) 
polymerized at 60°C or Unicryl or Lowicryl K4M (Poly- 
sciences) photopolymerized at ~20°C 

Antisera. Antiserum against the synthetic peptide 
TTR(1 15-124) was raised in a rabbit as described elsewhere 
(23). Antiserum to TTR(115-124) is amyloid-specific, i.e., it 
reacts only with TTR in, or purified from, amyloid deposits 
(23). Antiserum to mouse protein A A was raised in rabbits as 
described elsewhere (17). Goat antiserum to mouse amyloid P 
component kindly was provided by M. B. Pepys, London, U.K. 

Light Microscopy. Paraffin sections (10 /xm) and cryostat 
sections (10 ^xn) were stained with alkaline Congo red and 
hematoxylin (24) and subsequently were examined for the 
presence of amyloid, indicated by green birefringence with 
polarized light. The amount of amyloid in the paraffin sections 
of spleen was graded as described (17). 

Macroautoradiography. Air-dried cryostat sections (10 /urn) 
of thyroid, spleen, liver, kidney and lung from the mice injected 
with i:5 I-labeled TTR(115-124) fibrils were placed on Kodak 
X-OmatAR x-ray film in an x-ray cassette with x-ray intensi- 
fying screens at -70°C for 7 days. 

Microautoradiography. Air-dried cryostat sections (10 jim) 
were coated with Hypercoat LM- 1 autoradiographic emulsion 
(Amersham), air dried, and exposed in light proof boxes at 
■f4°C for 6, 10, or 18 weeks. Slides without sections were 
coated with autoradiographic emulsion, air dried, and subse- 



Table 2. Splenic amyloid deposits induced by treatment with 
AgN03 and different synthetic peptide fibrils compared with 
controls treated with AgN03 and vehicle or AEF 



Treatment 


Mice, n 


Mice with 
amyloid 


Amyloid grade 


TTR( 10-20) 


10 


1 




TTR(24-35) 


10 


3 


14- -3 + 


TTR(105-115) 


10 


2 


1^-3 + 


TTR( 115-124) 


10 


5 


2 + 


IAPP{ 20-29) 


10 


2 


2~ 


AEF 


10 


10 


3+-4 + 


Vehicle 


28 


1 


1 + 
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Fig. 1. (a-d): Lung tissue from a mouse given synthetic TTR(1 J 5-124) fibrils i.v. Small amyloid deposits (arrows) occasionally were found in 
vascular lumina stained with Congo red and viewed in polarized light (a) and labeled with antiserum to mouse protein AA and to the synthetic 
peptide TTR(115-124) (b and c). (d-f) Tissues taken from a mouse that had received 125 Mabeled TTR(I15-124) fibrils i.v. 22 days before it was 
killed, {d) Lung tissue with several radioactivity labeled spots corresponding to the minute amyloid deposits, e A section of the spleen and silver 
grains occur perifollicularly at the amyloid deposits. (J) Close -up of e at the arrow. 
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quently exposed together with the coated sections to serve as 
control autoradiographs. The slides were developed in Kodak 
D-19 developer, fixed in Kodak Unifix fixer for 4 min, and 
washed in two changes of distilled water. The sections were 
immediately post-stained with hematoxylin. To investigate 
whether silver injected as AgNOs reduced the autoradio- 
graphic emulsion, sections from one of the experimental mice 
that had received silver nitrate s.c. but no labeled fibrils were 
coated and exposed for 2 hr and then were processed as 
described above. 

ImmunoGold Electron Microscopy. Semi thin sections were 
cut from blocks embedded in Unicryl, Lowicryl, and Epon. 
The sections were exposed on Kodak X-OmatAR x-ray film in 
the same way as described above. Ultrathin sections were cut 
thereafter from the blocks containing radioactive deposits as 
determined by microautoradiography. Consecutive sections 
from Unicryl- or Lowicryl- embedded blocks were mounted on 
Formvar-coated (Ladd Research Industries, Burlington, VT) 
nickel grids and used for single indirect ImmunoGold labeling. 
The sections from Epon-em bedded blocks were placed on 
uncoated nickel grids and used for double indirect Immuno- 
Gold labeling. 

Before immunolabeling, all of the sections were incubated 
with 5% BSA in Tris-buffered saline for 30 min to block 
nonspecific binding sites. For single immunolabeling, the 
sections then were transferred onto a drop of rabbit antiserum 
against mouse A A, TTR(1 15-124), or mouse serum amyloid 
P-component (all diluted 1:200) and incubated overnight at 
room temperature in a humidity chamber. After washing in 
0.05 sodium phosphate buffer (pH 7.4) containing 0.15 M 
NaCl (PBS) and blocking in 5% BSA in Tris-buffered saline for 
10 min, the sections were incubated with 10 nm of colloidal 
gold-labeled goat anti-rabbit IgG (Biocell Laboratories) for 1 
hr at room temperature. Thereafter, the sections were washed 
in PBS, rinsed in distilled water, and counterstained with 5% 
uranyl acetate and lead citrate. 

For double immunolabeling, one face of the grid was 
performed as described above, applying rabbit anti-AA anti- 
serum followed by 10 nra of colloidal gold labeled goat 
anti-rabbit IgG. The other face of the grid then was labeled 
with rabbit anti-TTR( 115-124) antiserum, and the, reaction 
was visualized with 20 nm of protein A gold particles (Biocell 
Laboratories). Care was taken not to wet the opposite face 
during the incubations. The sections were counterstained only 
on one face with uranyl acetate and lead citrate. The sections 
were viewed in a JEOL 1200 electron microscope at 80 kV. 

Statistical Analysis. For statistical comparison between 
groups, Fisher's exact test was used with instat 2.01 software. 

RESULTS 

Fibrils. All synthetic peptides formed Congophilic aggre- 
gates in vitro that exhibited green birefringence in polarized 
light. The extracted murine A A amyloid fibrils used as AEF 
showed strong green birefringence after Congo red staining. 

In Vivo Effects of Injected Synthetic Peptide Fibrils and 
AEF. Injection (i.v.) of fibrils made from TTR(10-20), 
TTR(24-35), TTR(105-U5), TTR(1 15-124), or islet amyloid 
polypeptide(20-29) induced accelerated amyloid deposition in 
mice given AgNO^ as detected with Congo red staining (Table 
2). Of 50 mice that received synthetic fibrils, 13 developed 
amyloidosis, whereas 1 of 28 surviving control mice that 
received vehicle had only minute amyloid deposits (P - 0.01). 
In all animals, the amyloid deposits were localized in the 
perifollicular areas of the spleen. Amyloid deposits also were 
detected perifollicularly in the spleen of all mice treated with 
AEF and AgN0 3 . The deposits in the latter group were 
moderate in six mice and extensive in four mice. 

In the experiment in which the same peptide [TTR(24-35)] 
was injected in a fibrillar or nonfibrillar form, none of the 13 
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mice given nonfibrillar peptide showed amyloid on day 16, 
whereas 4 of 12 mice injected with fibrils had splenic amyloid 
deposits (P < 0.04). 

Effects of TTR(115-124) Fibrils Labeled with 125 I. No 
splenic amyloid was detected in mice that died immediately 
after injections or in mice killed on days 1, 6, or 11, as 
determined by Congo red staining. All of the mice killed on 
days 20 (/i = 1) and 22 (n = 4) had small to extensive amyloid 
deposits perifollicularly in the spleen. Three of the mice had 
hepatic amyloid deposits that were localized to the central vein 
areas. One mouse showed severe generalized amyloidosis with 
amyloid deposition not only in the spleen and liver but also in 
the kidneys, lungs, and thyroid. 

Small congophilic deposits were seen in some sections of 
lungs of animals (killed on days 20 and 22) that had received 
TTR(1 15-124) fibrils (Fig. la). These amyloid deposits re- 
acted strongly with antiserum to TTR(115-124) (Fig. 1c) 
immunohistochemically, and somewhat weaker immunoreac- 
tivity was observed with antiserum to amyloid P component 
(not shown). There was also a strong reaction with antiprotein 
AA.antiserum (Fig. \b). No staining was detected with normal 
rabbit serum, and the tissues from an untreated control mouse 
showed no reaction with the antisera used. 

Distribution of l2S I-Labeled TTR(il5-124) Fibrils. In the 
mouse killed on day 1, macroautoradiography showed strong 




Fig. 2. Electron microscopical picture of an amyloid deposit in the 
lung of a mouse that had received TTR( J 15-124) fibrils i.v. at the 
induction of amyloidosis and was killed on day 22. The fibrils arc 
labeled with antiserum to TTR( 115-124) (a) and mouse protein AA 
(b). Both antisera label the fibrils specifically, (x 5,000.) (Insets) Parts 
of the deposits. ( x 37,500.) 
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focal radioactivity in the lungs and liver and moderate multi- 
focal areas of radioactivity in the spleen. The mice killed on 
days 6, 11, 20, and 22 showed strong focal radioactivity in the 
lungs. Only weak multifocal radioactivity was detected in 
spleen from mice killed on days 6 and 11, and very weak 
radioactivity was present in the spleen sections from three of 
five mice killed on days 20 and 22. No radioactivity was 
detected in the livers of the mice killed on days 6, 1 1, 20, or 22. 

Microautoradiography verified the results obtained by mac- 
roautoradiography. Microautoradiography showed varying 
amounts of silver grains distributed in diffuse perifollicular 
patterns in spleen sections from the three mice killed on days 
20 and 22 (Fig. 1 e and /). The radioactivity was localized to 
the areas of spleen in which amyloid deposits were detected by 
Congo red staining and by immunohistochemistry. Varying 
numbers of focally distributed heavy accumulations of silver 
grains were present in the lungs of all animals (Fig. W). The 
thyroid glands had very strong concentration of silver grains 
confined to the follicles. No silver reduction was observed in 
the autoradiographs of the livers. The silver precipitate in the 
tissues originating from the injected AgN0 3 easily was dis- 
criminated from the silver grains in the film. 

Imniunoelectron Microscopy of Lung Tissue. Lung tissue 
was chosen for the immunoelectron microscopic study because 
the strongly radioactivity-labeled and well demarcated amyloid 
deposits were easy to find. Such deposits were found at the 
electron microscopic level in the lungs from three of five mice 
receiving ]25 l-iabeied TTR(1I5-124) fibrils i.v. The small 
deposits were rounded and almost always were surrounded by 
basal membrane-like material and appeared to be located 
within lumina of small blood vessels (Fig. 2). The amyloid 
fibrils had no definite organization and varied somewhat in 
morphology. In some deposits, thicker fibrils were evident, 
whereas in others the fibrils were uniformly thin (not shown). 

Immunolabeling with antiserum to TTR(115-I24) varied. 
Thicker fibrils showed a very strong labeling with antiserum to 
TTR(1 15-124) (Fig. 2a) and only slight labeling with anti- 
serum to mouse protein AA (Fig. 2b). The opposite phenom- 
enon was observed with thin fibrils (not shown). In double 
immunolabeling experiments [in which one face of the section 
was incubated with antiserum to TTR( 115-1 24) and the other 
with antiserum to mouse protein AA], labeling with both 
antisera was clearly evident in the amyloid deposits (Fig. 3). 
However, the proportion of labeling with the different antisera 
varied in that a strong labeling with anti TTR( 11 5-124) was 




Fig. 3. Double immunolabeling of a lung amyloid deposit with 
antiserum to TTR( 115-124) (20 nm of gold particles) and to mouse 
protein A A (10-nm gold particles). This deposit seems to consist 
mainly of synthetic TTR fibrils, but specific protein AA-labeling also 
is seen. (xS0,0O0.) 
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followed by a weaker protein AA labeling and vice versa. Thus, 
of 19 different deposits studied, protein AA immunoreactivity 
predominated in 7, and TTR immunoreactivity predominated 
in 12. All deposits were labeled with antiserum to amyloid 
P-component. 

DISCUSSION 

In this study, we show that preformed fibrils made from 
synthetic peptides and given in small doses i.v. in mice shorten 
the lag phase between an inflammatory stimulus and devel- 
opment of AA amyloidosis and, consequently, have amyloid- 
enhancing effects. By the use of radioactivity-labeled synthetic 
fibrils, we followed injected synthetic fibrils to the lung and 
spleen. Some fibril aggregates were trapped in lung capillaries 
and formed small distinctive amyloid foci that could be iden- 
tified by Congo red staining. By double ImmunoGold labeling, 
we were able to show that these amyloid foci not only con- 
tained the synthetic fibrils but also murine protein AA fibrils. 
Likewise, we found that early perifollicular splenic amyloid 
deposits contained radioactivity labeled material, indicating 
that synthetic fibrils not only were trapped in the lung but also 
were present at an area known to be a target for the first 
deposits in murine experimental AA amyloidosis (25). Sec- 
tions of kidney and liver, organs in which amyloid deposits 
occur later (25), exhibited no radioactivity. 

Formation of amyloid fibrils is supposed to occur as an 
off-pathway event from specific near-native protein interme- 
diates at the folding- unfolding pathway (26). A nucleation 
mechanism is believed to be of importance because seeding a 
solution of amyloid fibril proteins like ^-protein (27) or islet 
amyloid polypeptide (28) with preformed fibrils made from the 
homologous proteins strongly enhances the speed by which 
new fibrils are formed. This fibril growth follows first-order 
kinetics (29, 30). The nucleation mechanism is similar to that 
implicated in the prion model of "infectivity"; the protein with 
abnormal tertiary structure serves as template for other pro- 
tein molecules (16, 31). However, in prion diseases, the 
infectivity may be dissociated from the formation of amyloid 
fibrils (32). The formation of the nucleus in the amyloidogen- 
esis in general is, however, poorly understood, but it should be 
noted that in the present experiments only peptides in their 
fibrillar form exerted amyloid-enhancing effects. 

The finding that amyloid-like fibrils synthetically made from 
heterologous proteins enhanced the development of A A amy- 
loidosis presumably by acting as nidi is of great interest. This 
finding raises the provocative question of whether other com- 
ponents in addition to amyloid fibrils can act as nidi in the 
amyloidogenesis. One of the major and unsolved questions in 
the pathogenesis of human A A amyloidosis asks why only some 
individuals with longstanding inflammatory conditions and 
high SAA plasma concentration develop amyloid deposits. It 
is known from the mouse (33) and the mink (1, 34) that several 
SAA isoforms exist and that they vary strongly in amyloido- 
genicity. Such a mechanism may exist also in humans (1 1, 12) 
but is probably less important because in most instances, 
human A A amyloid is derived from common SAA isotypes 
also present in individuals who do not develop amyloidosis. 
Therefore, other factors in addition to a suitable SAA must be 
of importance in the human amyloidogenesis. The mechanism 
found in the present study in which exogenous substances 
enhance AA-amyloidogenesis in an experimental mouse 
model may be true also in the human situation. Hypothetically, 
an exogenous substance may form a nidus on which the first 
A A fibrils form. Such a mechanism could explain why only a 
fraction of individuals with longstanding high plasma SAA 
concentration get AA amyloidosis. Furthermore, similar 
mechanisms may be important not only in AA amyloidosis but 
also in other types of amyloid deposits. 



Medical Sciences: Johan et al. 
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Further Characterization of 
Amyloid-Enhancing Factor 
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S. J. Chen, M.Sc, and M. Skinner, M.D. 
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Amyloid-enhancing factor (AEF) is a transferable activity that in C6A/J mice reduces the 
induction time of splenic amyloid deposition to 48 hours. Azocasein, or AgNos, can induce AEF in 
the spleen and liver. In the liver several subcellular organelles possess this activity. This is likely 
due to AEF*s adherent properties. AEF is most effective when given by the intravenous route. After 
intravenous injection, AEF particulates localize to the perifollicular areas of the spleen and Kuppfer 
cells in the liver. The effects of AEF administration persist for at least 4 weeks. AEF can be 
solubilized in 4 m glycerol, is not the amyloid A protein, and is not likely to be the serum amyloid P 
component. The extract can be fractionated by Sepharose 4B column chromatography. The active 
component is of high molecular weight, and tentative identification by disc electrophoresis has been 
made. 

Additional key words: Casein, Inflammation, Liver, Spleen. 



Exainination of the immune system during the induc- 
tion of amyloid prompted several laboratories, in the 
recent past, to undertake transfer of tissue or cells in an 
attempt to induce amyloid deposition in isogeneic recip- 
ients. These "transfer experiments" met with variable 
success and have been adequately reviewed by Hardt 
and Ranlov (7). Various cells, primarily from spleen but 
also liver, and subcellular particles, such as nuclei, were 
shown to have such activity, but there was no general 
agreement as to the nature of the enhancing factor, 
although there has been one report of a small molecular 
weight protein having these enhancing properties (11). 
Although the central importance of this "enhancing" 
activity has been alluded to by Janigan (9), it has not 
been the subject of much investigation during the last 5 
to 6 years. 

Our own previous work with amyloid-enhancing factor 
(AEF) (1, 2, 3, 15, 17) has indicated that the active 
component is a protein (1, 2), that AEF can always be 
demonstrated approximately 24 to 48 hours prior to the 
deposition of amyloid (2), and that AEF activity is pre- 
sent in sonicated as well as viable spleen cells (2, 15, 17). 
To further characterize AEF, in the present report we 

have examined the following questions. (1) Does any 
particular cell organelle possess AEF activity? (2) Does 
the route of administration of AEF play any role in its 
effectiveness? Where do AEF particulates localize after 
intravenous injection? (3) What combinations of AEF 
and inflammation are effective in producing amyloid in 



48 hours? (4) In what manner can AEF activity be 
solubilized from tissue? Does the extract possess amyloid 
(AA) and/or serum amyloid P(SAP) protein? (5) Do 
either AA or SAP possess AEF activity? And finally, (6) 
Can one fractionate the AEF extracts to partially purify 
AEF? 



MATERIALS AND METHODS 

Animals 

AU animals were CBA/J female mice weighing 20 to 
25 gm. 

AEF 

AEF was prepared as described previously (14). 
Briefly, AEF was derived from spleens of animals which, 
after azocasein injections, had just commenced amyloid 
deposition. The spleens were teased in ice-cold Hanks' 
balanced salt solution, the debris was allowed to settle, 
and the cell suspension was removed and centrifuged at 
650 X g for 10 minutes at 4° C. The cell pellet was 
resuspended in Hanks' balanced salt solution to a final 
concentration of 50 X 10 6 cells per ml., disrupted by 
sonification, and stored at -20° C. 

Subcellular Localization. Where subcellular fractions 
were examined for AEF activity, fresh normal or AEF- 
containing livers were homogenized in 2.5 volumes of 0.3 
M tris(hydroxymethyl)aminometharie (Tris)-HCl, pH 7.5, 
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0.15 M NH^CI and 3.5 mM MgCCHaCOCTh, and 0-1 M 
sucrose per gram of tissue, and the homogenate was 
centrifuged at 15,000 X g for 10 minutes at 4° C. The 
postmitochondrial supernatant was (1) centrifuged at 
100,000 X g for 1 hour, providing a microsomal pellet and 
a 100,000 x £ supernatant; (2) treated with 0.15 ml. of 10 
per cent Na deoxycholate per ml. of postmitochondrial 
supernatant and subsequently centrifuged in a discontin- 
uous sucrose gradient at 40,000 r.p.m. for 4 hours at 4° C. 
as described previously (12), with th6 polyribosomes 
being recovered as a pellet. These polyribosomes moni- 
tored by electron microscopy have previously been shown 
to be pure and without membrane contamination (18); 
and (3) incubated with puromycin and KC1 as described 
by Rolleston (26), then layered on a discontinuous su- 
crose gradient, and spun at 40,000 r.p.m. for 4 hours at 4° 
C. The ribosomes accumulated as a pellet, and the en- 
doplasmic reticulum membranes left at the interface 
could be harvested by centrifugation. These membranes 
have had 85 to 90 per cent of their ribosomal RNA 
removed as monitored by RNA determinations. 

The fractions noted (postmitochondrial supernatant, 
microsomal pellet, 100,000 x g supernatant, polyribo- 
somes and membranes), were resuspended in phosphate- 
buffered saline to a concentration of 4 mg. per ml. Each 
of the fractions was then tested for AEF activity. 

AEF Solubilization. Spleens and iiver9 used for the 
solubilization of AEF were obtained from CBA retired 
breeders which had received 15 azocasein injections (0.5 
ml. of a 7 per cent solution) subcutaneously once daily, 
Monday to Friday. These spleens and livers were used 
immediately or frozen at —20° C. and used when neces- 
sary. AEF was extracted with 8 mL of 0.5 M KC1, or 4 M 
glycerol, 10 mM Tris-HCl, pH 7.5, per gram of spleen. 
Four milliliters of extractant was used per gram of liver. 
The tissues were homogenized in Potter-Elvejhem ves- 
sels, shaken for 1 hour at 4° C, and then centrifuged at 
250,000 x g for 1 hour at 4° C. The supernatants were 
harvested and extensively dialyzed against phosphate- 
buffered saline. 

Where the supernatant from glycerol extracts was frac- 
tionated, 5 to 7.5 ml. were applied directly to either a 2.6 
x 100-cm. or a 2.6 x 200-cm. Sepharose 4B column 
previously equilibrated in 4 m glycerol, 10 mM Tris-HCl, 
pH 7.5. The eluant was monitored at 280 nm., and the 
individual fractions, comprising the various peaks, were 
pooled and concentrated using an Amicon pressure di- 
alysis cell and a PM 10 membrane. Prior to injection the 
fractions were extensively dialyzed against phosphate- 
buffered saline. All operations were at 4° C. 

Protein determinations were performed using the 
BioRad protein assay kit and bovine serum albumin as 
the standard. 

AEF Administration. Unless otherwise indicated, 
AEF, either crude or partially purified, was always ad* 
ministered intravenously with prior sonification. In the 
vast majority of cases, AEF was given immediately before 
the subcutaneous inflammatory stimulus (either azoca- 
sein or AgN0 3 ). In a few experiments the AEF preceded 
the inflammatory stimulus by varying periods of time, 
and in some experiments it followed the inflammatory 
stimulus by 24 hours. 



Light and Electron Microscopic Localization of 
AEF-Containing Particulates after Injection 

A microsomal pellet from liver possessing AEF activity 
was prepared and labeled by reductive methylation using 
formaldehyde and NaB 3 H< (New England Nuclear) as 
described previously (19). After the chemical manipula- 
tion, the microsomal preparation was extensively washed 
in phosphate-buffered saline and the activity was again 
monitored. No loss of activity occurred. After the in- 
travenous injection of 1 mg. of labeled material the 
animals were sacrificed 2 minutes later, and portions of 
liver and spleen were prepared for light and electron 
microscopic autoradiography by a modification of the 
method of Ludwin (23). 

Tissues for light microscopic autoradiography were 
fixed in formalin, embedded in paraffin, sectioned at 6 
jim., deparaffinized, and dipped in Kodak NT B-3 emul- 
sion. After 2 to 4 weeks the slides were developed in 
Microdol and fixed in 24 per cent sodium thiosulfate. 
The sections were then stained with hematoxylin and 
eosin by the method of Kopriwa and Leblond (21). 

Tissues for electron microscopic autoradiography were 
prepared by the method of Kopriwa (20). These were 
fixed in glutaraldehyde, embedded in Epon, the sections 
placed on celloidin-coated slides, and dipped in Ilford L4 
emulsion. After 5 months they were developed in Kodak 
D-19 developer, fixed in 24 per cent sodium thiosulfate, 
and rinsed. The sections were transferred to grids, stained 
with uranyl acetate, and examined with a Hitachi H500 
electron microscope. 

Electrophoresis 

Electrophoresis was performed in 5 per cent polyacryl- 
amide gels as described previously (14), except that all 
materials were dissolved in 4 m glycerol, 10 mM Tris-Hcl, 
pH 7.5. Gels were stained with 0.25 per cent Amido black 
in 7 per cent acetic acid and destained electrophoreti- 
cally. 

Tissue Preparation and Amyloid Quantitation 

Spleens were fixed in 10 per cent buffered formalin, 
embedded in paraffin, sectioned at 6 /im., and stained by 
the alkaline Congo red method (25). Under crossed polars 
the area of visible amyloid (red-green birefringent 2ones) 
was measured by morphometric analysis using a radicle 
in one of the eyepieces of a microscope and the point 
count technique of Weibel, Kistler, and Scherle (31). 
Each group contained at least three spleens, and three 
fields were examined per spleen, 120 points per field. The 
results are expressed as the percentage of sectional area 
covered by amyloid. 

Preparation of Azocasein 

This was prepared as described previously (10), and 
0.5 ml. of a 7 per cent solution was used for subcutaneous 

injection. 

Silver Nitrate 

A 2 per cent solution was prepared using doubly dis- 
tilled and deionized water, and 0.5 ml. was used for 
subcutaneous injection. 
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ISOLATION OF SAP 

SAP was isolated from the serum of mice that had 
been pretreated with a 0.5-ml. subcutaneous injection of 
10 per cent casein 24 hours, prior to being bled. The 
serum was mixed with Sepharose 4B in 0.01 m Tris- 
buffered saline, 0.002 M calcium chloride, pH 8.0, for 18 
hours at 4° C. The mixture was washed with the same 
buffer until the effluent solution was free of material 
absorbing at 280 nm. SAP was then eluted from the 4B 
Sepharose with 0.01 m Tris-buffered saline, 0.01 M eth- 
ylenediaminetetraacetic acid (EDTA). SAP was freed of 
trace contamination by gel filtration on ultragel AcA34 
(24). 

Antibody to Mouse SAP 

Antisera to mouse SAP was prepared in New Zealand 
white female rabbits by three weekly intradermal injec- 
tions of 0.1 mg. of mouse SAP which had been dissolved 
in 0.01 M Tris-buffered saline and emulsified in complete 
Freund's adjuvant Three weeks later a fourth intrader- 
mal injection was given, and the animal was bled the 
following week. 

Immunodiffusion 

SAP was identified by double diffusion versus anti- 
SAP in a gel containing 1 per cent agar. Antigen and 
antibody wells were approximately 5 mm. apart and were 
3 mm. in diameter. The agar plate was incubated for 2 
hours at 37° C. and then at room temperature in a moist 
chamber. Readings were taken at 18 to 24 hours. 

Quantitative Immunoelectrophoresis 

Rocket immunoelectrophoresis (22) was performed on 
180 X 80-mm. glass plates in a gel of 1 per cent agarose 
in 0.075 m Veronal buffer, 0.01 m EDTA, pH 8.6, contain- 
ing 3 per cent rabbit antimouse SAP. Two-millimeter 
wells were filled with 3 /iL of sample along one long side 
of the plate. Electrophoresis was performed on a water- 
cooled platform for 6 hours at 200 volts with the same 
Veronal buffer. The plates were washed in normal saline, 
followed by water, then dried, and stained with Coomas- 
sie blue. A standard curve was prepared using known 
quantities of purified mouse SAP. 

RESULTS 

In a preliminary communication (2) we indicated that, 
in spleens of animals which had been treated daily with 
azocasein for 7 to 8 days, AEF activity appeared 24 to 48 
hours prior to the appearance of amyloid. The activity 
was present both in viable and sonicated cells (2, 3, 14, 
15). The presence of AEF activity in sonicated cells 
prompted us to examine .whether any particular cell 
fraction possessed the AEF activity. 

Using liver our observations indicated that normal 
liver did not contain any AEF activity. However, every 
subcellular fraction of AEF-containing liver examined 

(microsomes, ribosomes, and membranes devoid of ribo- 
somes), except the 100,000 x g ceU supernatant, pos- 
sessed such activity. These findings, as well as previous 
observations by others on the diverse cellular distribution 
of enhancing activity (cf. reference 7), suggest that the 
active materia] can associate with particulates in an 



indiscriminate fashion. This was tested by incubating 
fine iron filings with spleen homogenates containing 
AEF, the filings being recovered with magnets. AEF did 
indeed associate with the filings, and after intravenous 
injection the filings were located primarily in the perifol- 
licular area. AEF activity remains associated with these 
iron filings in vivo, since in other experiments we dem- 
onstrated that iron filings with AEF could be passaged 
from one animal to another, retaining their AEF activity. 
The localization of AEF-containing particulates was also 
examined by labeling liver microsomes containing AEF 
activity and subsequently performing autoradiography 
on sections of liver and spleen. Not surprisingly, the 
labeled particulates were cleared by Kupffer cells in liver 
and by cells in the perifollicular region of the spleen. In 
the spleen, silver grains were not found in lymphocytes 
but exclusively in the processes of phagocytic cells (Fig. 
1). 

Route of AEF Administration 

Since the AEF activity was not demonstrable in the 
100,000 x g supernatant fractions (the soluble fractions) 
but was associated with particulates, the route of admin- 
istration could be important in determining the presence 
of such activity. This was borne out by the observation 
(Table 1) that subcutaneous administration of AEF fac- 
tor was ineffective. The best route of administration was 
the intravenous one. An intermediate result was seen on 
intraperitoneal administration of AEF. 

What Combination of AEF and Inflammation is 
Effective in Producing Amyloid? 

In the experiments previously described AEF and an 
inflammatory stimulus (AgNC>3 or azocasein) were ad- 
ministered within minutes of each other. A variety of 
experiments were also performed to examine the effect 
of each treatment alone and the temporal relationship 
that may be necessary for AEF and inflammation to 
induce amyloid. These may be summarized as follows. 

1. Over a 48-hour period an inflammatory stimulus 
(AgNOs or azocasein) of and by itself is insufficient to 
produce splenic amyloid (Table 2), although it does cause 
a marked increase in SAA levels (16, 17). Longer periods 
of inflammation (7 to 10 days) using azocasein or AgN(>3 
lead both to splenic amyloid deposition and AEF activity 
(2). • 

2. AEF by itself, even after repeated intravenous in- 
jections, never induces amyloid, nor does it raise SAA 
levels (17). 

3. AEF may be administered 4 weeks before the in- 
flammatory stimulus with splenic amyloid occurring 
within 48 hours of the injection of the inflammatory 
stimulus (data not shown). 

4. In the presence of an elevated level of SAA, previ- 
ously induced by an AgN0 3 injection, significant splenic 
amyloid deposition occurs within 48 hours of the admin- 
istration of AEF (Table 2). 

Extraction and Purification of AEF 

The studies already described as well as our prelimi- 
nary results demonstrating that AEF is likely to be a 
protein (1, 2) were done with crude material (sonicated 
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Fic. 1. Electron microscopic auto radiograph of spleen after admin- rows) in a process of phagocytic cell. Centrally placed lymphocyte is 
istration of labeled AEF containing microsomes showing grains (ar* devoid of grains. X 15,900. 



Table 1. Route of Administration of Amyloid- Enhancing 

Factor" 



Sectional area covered by amyloid 





% 




Subcutaneous (over thigh) 


0 


(3) 


Intraperitoneal 


10.8 ± 0.5 


(3) 


Intravenous 


20.5 ± 2.1 


(3) 



0 Animals received AEF (25 X 10 g sonicated spleen cells) by various 
routes, followed immediately by a daily dose of azocasein, 0.5 ml. of a 

7 per cent solution for 2 days. The animals were killed 48 hours after 
the AEF and the spleens assessed for amyloid. The results are the 
means ± S.E. of the number of animals in parentheses. 



spleen cells or postrnitochondrial supernatant from ho- 
mogenized liver). More satisfying and precise results can 
only be obtained with a purified AEF preparation. High 
concentrations of KC1 (0.5 m) or 4 m glycerol were found 



Table 2. Effect of Amyloid- Enhancing Factor on Splenic 
Amyloid Deposition in Animals with a Previously 
Established Acute Inflammatory Reaction" 



Group Sectional area covered by amyloid 





% 




h AgNO, 


0 


(3) 


2. AEF alone 


0 


(3) 


3. AgNOa + AEF (24 nr.) 


0.1 ± 0.1 


(3) 


4. AgNOs + AEF (48 hr.) 


14.0 ±2.7 


(3) 



0 Group 1 received AgNOa (0.5 ml of a 2 per cent solution) subcu- 
taneously and was sacrificed 48 hours later; group 2 received AEF as 25 
x 10* sonicated spleen cells and was sacrificed 48 hours later, group 3 
received AgNOa, as group 1, followed 24 hours later by AEF. The 
animals were sacrificed 24 hours after receiving AEF; group 4 received 
AgN0 3p as groups 1 and 3, followed 24 hours later by AEF. The animals 
were sacrificed 48 hours after the AEF. The results are the means ± 
S.E. of the number of animals in parentheses. 
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to be effective in solubilizing the activity, with the glyc- 
erol being much more effective than the KC1. For extrac- 
tion of AEF the spleen proved to be a better source than 
liver. Dose-response curves of AEF extracted from spleen 
by KC1, and glycerol, are demonstrated in Figure 2. It is 
clear that the glycerol-extracted material has a higher 
specific activity than that attained with KCL We have 
since focused on the glycerol extract for our subsequent 
purification. Material extracted in glycerol when frac- 
tionated on Sepharose 4B column provided us with five 
main protein peaks (Fig. 3). Peak 2, Figure 3, had by far 
the highest specific activity (Table 3). The activity of 
peak 2 plotted in relation to the activities of whole 
glycerol and KC1 extracts is also indicated in Figure 2. 
Peak 2 activity is much higher than equivalent doses of 
glycerol or KC1 extracts. Peak 4 is endogenous splenic 
hemoglobin with a molecular weight of 68,000. The mo- 
lecular weight exclusion of Sepharose 4B in glycerol is of 
the order of 1 x 10 6 . Although molecular weight markers 
were not used to calibrate this column the results clearly 
indicate a high molecular weight for the active fraction. 

Glycerol-extracted material from normal and AEF- 
containing spleens was also subjected to disc electropho- 
resis in 5 per cent polyacrylamide gels containing 4 m 
glycerol The electrophoretic patterns (Fig. 4) showed a 
difference in the slowly migrating region. A protein band 
present in the AEF preparation (Fig. 4, arrow) was not 
present in the normal extract. This protein band repre- 
sented the major component in peak 2, the fraction with 
the highest AEF activity. Elution of the identical protein 
band indicated in Figure 4, from a scaled-up 5 per cent 
polyacrylamide slab gel, provided a protein with AEF 
. activity. 



1.5,- 
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< 
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CO 




A E F ( mg protein) 

Fic. 2. Dose-response curves of AEF extracted with 0.5 m KG 

(• •) and 4 m glycerol (x x). 0 represents activity of 500 jig. of 

peak 2 obtained from a Sepharose 4B fractionation of 4 M glycerol 
extract (see Fig. 3). Note increasing specific activity. 




320 



Fraction Number 

Fig. 3. Sepharose 4B fractionation of 4 m glycerol, 10 mM Tris HC1, 
pH 7.5, extract of AEF-containing spleens. Seven milliliters of extract 
were applied to a 2.6- x 200-cm. Sepharose 4B column previously 
equilibrated in the glycerol buffer. Peaks (1 to 5) are numbered from 
the left. Peak 4 is hemoglobin, molecular weight 68.000. Most AEF 
activity is present in Peak 2. 



Table 3. Amyloid-Enhancing Factor activity in 500 tig. of 
Protein from Peaks of Amyloid-Enhancing Factor Separated 
by Sepharose 4B Chromatography" 



Peak 



Sectional area covered by amyloid 





% 




1 


19.3 ± 3.3 


(9) 


2 


31.4 ± 3.1 


(8) 


3 


14.4 ± 1.9 


(9) 


4 


0 


(9) 


5 


0 


(9) 



"The fractions constituting each of the peaks in Figure 3 were 
pooled, concentrated, and dialyzed extensively against phosphate - 
buffered saline. Five hundred micrograms of protein from each peak 
were administered intravenously as AEF, followed by a single subcu- 
taneous injection of AgNOj, Q.5 ml. of a 2 per cent solution. The animals 
were killed 48 hours later and the spleens assessed for amyloid deposi- 
tion. The results are the means ± S.E. of the number of animals in 
parentheses. 



Relationship of AEF to AA and SAP 

The glycerol AEF extracts previously described were 
obtained from spleens that have AA deposits. Although 
we have shown that AEF activity in spleen appears prior 
to the morphologic demonstration of AA deposits (2), it 
was still possible that submicroscopic or dissolved quan- 
tities of AA could have been present in these prepara- 
tions. After intravenous injection it can be argued that 
this AA would provide a nidus in the recipients spleen 

for further AA deposition. 

For these reasons AEF glycerol extracts were examined 
for AA cross-reactive material. Neither glycerol extracts 
from liver (performed by M. Pepys) nor those from spleen 
possessed such cross-reactive proteins as assessed by 
immunodiffusion. 
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For the reasons mentioned a further possibility that 
nad to be considered was that AEF represented the SAP 
protein, a protein found in association with amyloid. As 
can be seen from the double immunodiffusion (Fig. 5), 
splenic glycerol extracts possess large quantities of SAP. 
Similar observations have been made with liver glycerol 
extracts (performed by M. Pepys). However, after frac- 
tionation of the splenic glycerol extracts on Sepharose 
4B columns, it became apparent that the AEF activity 
could be dissociated from the peak containing the bulk 
of the SAP (Tables 3 and 4). Further, using antibodies 
directed against SAP and immunoperoxidase staining, 
we were not able to demonstrate SAP in tissue until the 
amyloid (AA in type) was actually deposited itself. This 
confirms similar observations made by Baltz, Dyck, and 
Pepys (4). SAP and AA seem to be deposited in the 

Table 4. Quantity of Serum Amyloid P in Various Peaks of 
Amyloid-Enhancing Factor Separated by Sepharose 4B 
Chromatography' 1 



Sample peaks 



Height of reaction 



1 
2 
3 
4 
5 



mm. 

4.9 

3.1 
15.3 

2.6 

0 



" The four fractions constituting the tops of each peak in Figure 3 
were pooled and assessed for SAP content using rocket Immunoelectro- 
phoresis. The data represent the mean height of the precipitin lines 
from duplicate samples. 




Fig. 4. Electrophoresis of 4 M glycerol extracts from [A) normal 
spleens, (£) AEF-containing spleens, (C) peak 2, Figure 3. Arrow 
indicates band with AEF activity. 



.s 



X I 




s - * 
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Fig. 5. Immunodiffusion of glycerol-extracted AEF versus anti-SAP 
(center well). Well 1, glycerol extract of normal spleen; Wells 2 and 3, 
glycerol extracts of AEF-containing spleen; and Well 4, purified SAP. 



tissues at approximately the same time, whereas AEF 
activity appears in the spleen prior to either of these two 
components (2). Neither purified human tissue SAP, 
purified mouse serum SAP, nor purified mouse AA pos- 
sess AEF activity. 

DISCUSSION 

Our initial interest in the AEF stemmed from our 
observation that spleen cells derived from amyloidotic 
animals when transferred to isogeneic recipients would 
allow the recipients to deposit amyloid in 48 hours, but 
only if an inflammatory reaction was provoked in these 
animals (3, 15, 17). While trying to show that AEF was 
dependent upon cellular functions, experiments were also 
performed with, sonicated spleen cells. Much to our sur- 
prise, in the presence of an inflammatory reaction these 
sonicated cells functioned quite as well as the intact cells 
themselves (2, 15, 17). We concluded that a cellular 
component, rather than the metabolic activity of the 
transferred cells, was responsible for AEF activity. We 
were also able to. demonstrate by enzymatic inactivation 
that AEF is a protein (1, 2). Further, with a constant 
dose of AEF the amount of amyloid deposition in the 
spleen in 48 hours was dependent upon the intensity of 
the inflammatory stimulus (15). Conversely, when a con- 
stant inflammatory stimulus was used, the amount of 
amyloid deposited in 48 hours varied as a function of the 
dose of AEF (2). With longer periods of azocasein admin- 
istration (10 to 15 days), one could demonstrate AEF 
activity not only in the spleen but also in liver and bone 
marrow. 

Our definition of AEF activity in previous reports (1, 
2, 3 t 15, 17) and in the present communication is a 
functional one. AEF is a transferable activity which in 
CBA/J mice reduces the induction time of splenic amy- 
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loid deposition to 48 hours, as visualized by light micros- 
copy. The striking feature of AEF activity is its ability to 
markedly decrease the induction time of amyloid depo- 
sition in CBA/J mice. 

AEF appears in the donors approximately 48 hours 
prior to the amyloid (2). This raises the interesting pos- 
sibilities that (1) AEF plays a crucial and perhaps essen- 
tial role in the development of inflammation-associated 
amyloid, and (2) the lag phase, which is always seen in 
amyloid induction protocols, may represent the time 
necessary for the appearance of this factor. As we have 
shown (2 f 13) once AEF is present in the spleen, amyloid 
deposition progresses rapidly and with the same kinetics 
in AEF donors and recipients. The rapid response of the 
recipients probably occurs because the lag phase for AEF 
development has been bypassed. 

It is tempting to speculate that AEF is the culmination 
of the first phase of amyloid deposition as described by 
Teilum (29) and others (7). The appearance of AEF 
activity precedes AA deposition in much the same way 
as does the histologic appearance of pyroninophilic and 
periodic acid-Schiff-positive cells in the perifollicular 
areas of spleen (6, 29, 30). This indicates that a carbo- 
hydrate-containing substance is seen in cells prior to the 
appearance of AA. In this regard the glycerol and KC1 
solubilization techniques used for AEF extraction are 
ones used for extraction of lysosomal glycoproteins, such 
as acid phosphatase (8). Whether this temporal associa- 
tion is simply fortuitous or of significance in the cellular 
origin of AEF remains to be determined. In recent years, 
these perifollicular cells have been largely ignored in 
favor of the splenic lymphocytes. The increase in the 
number of periodic acid-Schiff-positive cells with repeti- 
tive inflammatory stimulation (30), as well as the increas- 
ing AEF activity with such stimulation (2), suggests that 
emphasis should be placed on these cell types in the 
genesis of AEF. 

After disruption of AEF-conteining liver various intra- 
cellular organelles possess AEF activity. Exogenous par- 
ticulates (e.g., iron filings) when added to spleen homog- 
enates also acquire AEF activity. Disruption of the liver 
probably allows the AEF to associate with cell compo- 
nents it does not usually encounter. This likely explains 
the previous findings of others in which transfer activities 
have been associated with many different cell compo- 
nents and macromolecular complexes (cf. reference 7). 
Not until antibodies can be raised to the active compo- 
nent are we likely to determine the cell and organelle of 
origin by immunohistochemical techniques. The subse- 
quent distribution of this material in the animal receiving 
prolonged inflammatory stimuli will also be amenable to 
analysis. The localization of AEF activity to a specific 
protein band in the 4 m glycerol acrylamide gels (Fig. 4) 
is a first step in providing us with the necessary tools for 
this immunohistochemical localization. 
AEF can be extracted in a soluble form in 0.5 M KC1 or 

4 m glycerol. For injection purposes removal of the KC1 
or glycerol by dialysis and its replacement by physiologic 
media invariably results in the precipitation of AEF 
activity. In crude cell homogenates AEF is also always 
found as a particulate. We feel this may indicate the 
manner in which AEF exists in vivo. The observation of 



others (5) of necrosis of periodic acid-Schiff-positive and 
pyroninophilic cells in the perifollicular area with the 
consequent phagocytosis of cellular particulates would 
be the in vivo counterpart to the clearing of AEF from 
the circulation after its intravenous injection. If so, this 
localization would play a significant role in determining 
the initial anatomical distribution of amyloid in the 
spleen. 

It should be emphasized that AEF is not likely to be a 
new and unnatural cellular component. AEF is probably 
a quantitative change in a normal cellular constituent. 
Using intact spleen cells we have observed that 1 x 10 8 
normal cells can reduce the amyloid induction time in 
CBA/J mice to approximately 4 days (3). An equivalent 
result can be obtained from 2 x 10 4 cells from amyloidotic 
animals. If this ratio of cells is a true reflection of the 
quantitative difference of the active component, one is 
dealing with a 5000-fold increase in AEF in the amyloi- 
dotic animals. 

Our initial observations with AEF were made with 
crude cellular preparations from spleen that contained 
both AA and SAP, a protein found in association with 
AA. Either of these could have been responsible for the 
AEF activity. There is little, if any, soluble AA in the 
glycerol preparation, as determined by immunodiffusion, 
and purified AA does not have AEF activity. It is also 
highly unlikely that amyloid fibrils are present in the 
glycerol extract as the extract is centrifuged at high 
gravitational forces (250,000 x g) for fairly long periods 
of time. Any fibrils would be pelleted under such condi- 
tions. For these reasons we feel that AEF is not AA that 
has been cleared by the recipient's spleen and that sub- 
sequently serves as a nidus for further AA deposition. 

The role of SAP in relation to AEF activity cannot be 
answered conclusively. We can dissociate most of the 
AEF activity from the bulk of the SAP (Tables 3 and 4), 
although each fraction that possesses AEF activity also 
possesses SAP. Further, pure human or mouse SAP does 
not have AEF activity. Although it seems that pure SAP 
is not the AEF, one is still left with the possibility that 
SAP is associated with other proteins in the form of a 
macromolecular complex. Against this possibility is the 
observation that AEF activity appears in the spleen prior 
to SAP (2, 4). It should be possible to subject the active 
protein band from the 4 m glycerol acrylamide gels to 
sodium dodecyl sulfate gel electrophoresis to determine 
whether this band consists of a single large polypeptide, 
multiple subunits of one polypeptide, or a complex of 
several different polypeptides of which SAP is a constit- 
uent 

The occurrence of AEF and its effect on amyloid 
deposition raises many other questions. (1) Does AEF 
represent the recently described inducer of SAA (27)? 
This is unlikely because AEF is not soluble in physiologic 
solutions, whereas the SAA inducer apparently is; AEF 
appears late in the course of the usual induction protocols 

(5 to 6 days), whereas SAA appears early (hours); and 
when AEF is administered intravenously it does not lead 
to an increase in circulating SAA (17). Thus, although 
inflammation is apparently responsible for the appear- 
ance of both AEF and SAA, they are not related in an 
obvious, causal manner. In addition, recent evidence 
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suggests that the SAA inducer is interleukin I (28). (2) Is 
AEF peculiar to the CBA/J strain? Previous work in- 
volving transfer factors has been done with strains other 
than CBA/J mice (e.g., C3H and C57B1 {cf. reference 
7)), although all of our experience has been with the CBA 
strain. A similar factor has been noted in A/ J mice (32). 
Whether these factors are identical or simply similar in 
end result remains to be determined. But, clearly, strains 
other than CBA possess "enhancing factors." (3) Is the 
variable strain and species susceptibility to AA deposi- 
tion related to genetically different AEFs or the manner 
in which AEF is handled metabolically? We have had no 
experience in this regard. Cross-strain experiments in 
which AEF derived from CBA/J mice was used in A/J 
recipients were only marginally effective in inducing 
rapid amyloid deposition. CBA/J AEF given to C3H/ 
HeJ mice is very effective (R. Kisilevsky, unpublished 
data). (4) What role does AEF play normally? This will 
not be answered until its cell of origin is determined, 

The significance of our observations lie not only with 
the reduced induction time but also with the extreme 
reproducibility and synchrony that AEF confers on the 
model being used. Virtually 100 per cent of the animals 
respond positively, and the quantity of the amyloid de- 
posited and its kinetics vary little in replicate experi- 
ments. Such a model should be particularly useful in 
examining various aspects of AA deposition, for example 
doing precursor-product studies. AA deposition is re- 
duced to a specific period of 24 hours (the second 24 
hours), whereas the usual protocols require 7 to 10 days. 
The appearance of AEF, its effect on the induction of 
amyloid, and the kinetics of AA deposition would tie 
together many features of the first and second phases of 
this deposition. 
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Murine Amyloid Protein AA in Casein- j J 
Induced Experimental Amyloidosis ! * 

i 11 

Mama Skinner, M.D., Tsuranobu Shirahama, M.D., Mbbbill D. Buna* M.D.. and I ■ 

Alan S. Cohen, M.D. ' w> 

' se 

: Arthritis and Connective Tissue Disease Section, Emm Dept^tMnt of Cl^ Re^h, \ * 

City Hospital, Boston, Massachusetts 02118 

AmrloirifKis *m induced in mice by 25 subcutaneous injection! of casein. The splenic amyloid fibrils 

flbrteby simple physical techniques, their ultttutnictwc mealed single filaments of 80 to lWAww»Ui, 
which we^riASbnlnchlp(r,tnd of udetermlnate length. This is comparable to previous studies on 

h ^^X!d t «hriU were dissociated by solution in gwmiduie and chromatography. The resultant 
• J^ldflffi orSefi wTcSSdVto it, molecular weight, amino acid analysis, and amino. 

» w" thuYo^mtely identified as protein AA, the major component of second^ 
S 0 ^JS SuboAy to this protein, murine AA, identified across-reacting mouse serum prote.n SAA 

and indicated a *pe*i« specificity when tested against human preparations. 

A SXn lsln.de withtneAA protein In another murine model as well as AA pioteins from human, 
guinea pig, monkey, and mink amyloidosis. 
Additional key words: Amino add seausnce, High resolution microscopy. Serum AA (SAA). 

' Murine amyloidosis induced by the chronic admimV Our report provides a detailed ™^°£ e , 

trati^cSS^n^ oSeV agents has been caeein-mW murine •■wW*^*^^ 1 ? - 

£ *^te$££S& SSnie amyloi- munologlc analyse* of the iaolnted fibril protein- The N- [ ^ 

^ ¥ * !™ 7 10 in Thin model has terminal sequence identifies it as a secondary or protein 

£ pSsS E£ cIp^^ lecSr?^- AA type .of amyloid. It is co mpared to ^ * = M - 

7*? ^TT: ^TTr^i, ^nfmnZterv miinea our AA. monkey AA, a mouse AA induced by 
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cany ana wa w» u»s « w ™*»»'» ■ ,. - , 

regard to the pathogenesis of systemic amyloid has been precursor is discussed. 

limited. Primary and secondary human amyloid aa well MATERIALS AND METHODS 

as amyloid of animal origin show identical tinctorial suunmuu* mw 

properties when examined by light microscopy .By elec- Induction or AmyWID 

^'£«^ COp ^ y ^SSS^TVS^K Amyloidosis was induced in 20 CBA/J mice (Jackson 

nonhranching fibrils of approxiniately W to W A in -?^ t . fi Harbor, Maine) by daily subcuta- 

width «3) Ana ino acid sequence ^^^^^ ISS^Sc^mZ of W^r cent cLein for 5 j ^ 

determined a ^^g^^^g^^ wXsLll portion, of their spteens and Uve* we* , £ 

seemlnte of hWunoglObulin light chain* whereas sec maining portions were frozen at —20^ C. for further 

oudary fibrils are composed of a substance called protein *t"°y. 

AA which has a unique amino acid sequence (3,9,14. ^ N 0F amyloid Fawn* 

16) In addition, a serum protein SAA, immunologically , , i 

crws^rawi* proteb AA, has been feuiidin the A modification in the isolation procedure of Pras etal jj 

sera of all normal and amyloidotio hwnana and animals (20) was used as foUpws. The amyloidotic spleens were I 

(1, 4, 18, 21, 26). Normal sera have SAA in minute pooled and hc^gemsed in 200 ml of normal me m» 

quantities whereas sera from amyloidotic .persons or blender at low jroeed for 10 seconds. The mixtare w«b 

K with iimaromatory dieeaeea bave elevated levels, centrifuged at 16,000 r.p.m. 4* C for 30 minutes. The 
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wp^t^t^ decanted and tbi sediment wu rsho. 
negenkedwith fresh saline and cen trifugedmtSSas 
manner. IWe procedure was ideated 10 to 15 timet 
unnlthe tissue was free of soluble component as date? 
mmed by an optical density of the supernatant solution 
«f less than 04 at 280 nm. The seSTww ffi 
homogenized in 200 ml. of deionizad water In the asm" 
, manner fblWl by centrifugaUon at 16,000 r.p.m. 4» C 

ntftfrnoganized in 20o-ml. aliquota of deionized watar 
tad ceotrifuged two mors times in toe same "">"™- 
fts ^nainin^ after the third wa* warX 

^Mf*™ 100 f4 of ionized water and ceofruW 
.t 12,000 r.p.BL4' C for 2 hours. Amyloid dSbwdS 
ZSJFSS^ ^ *e water were recovered from the 
JJCWW, timd, and fourth supemataots by lyophiliza- 

LfflHT AN© EUOTBON MlCB08CO?Y 

FWr light microscopy, small pieces of tissue from 
^san d liters were etanrfneoL Formalin-fixed par. 
S.f^? 18 Congo red and terns- 

icnrun i and examined under conventional and polarised 
^t- electron microscopy, 8mall pieces of tissue 
Own three spleens and three livers, bymndom 

SS^f *»J oU °*»' Tissues were doub£ 

feKd^ aJdehyde and osmium fixatives, and Epoi 

Sh^fi t 5 3 2i^ tmaa J were nranylaoe- 
tato and lead citrate and examined in a Sieinens^nUs- 

J^Sr*,?^ «°kted amyloid fibrils was also 
garedfi* lujht and electron micwefrpy. For light 
geroswpy a drop of water-sasramded material ^Ss 
gced on a eelafin-coated microscopic slide, air-dried 

Sr D i!^^ Un » and ""•"toed with oonventioQal and 
JJ2? i^ ht - electron nderoacopy. die materiel 
J"£J«* on a csrbon<oatod grid, eiJd^casted wS 
2S?^ p f Dadlum 7 "brined with pho* 

B^tfa -oruranyl sal t and exaniined a Siemens- 
■ffluakop I electron microscope <23). 

CBBOMATOCBAPHy 

s^SlS 1 ?" fibl ? 8 ^ added * 4 * «uanidine, 
W7 5 allowed to stand with occasional sttrr£!at?C 

if eSS'Mtf «entrlfaged. The npJSSf£i& 
iTfiS 2S*£ M c^tograpn^lZaVb^SS 
JJ. WOO Stephadex ootamn (Pharmacia Hne Chemi- 

difSfl!? 1 * 1 f™ 1 »«>W"d by lyophSS 
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(35,000) (Wortbington Biochemical Corporation, Free- 
hold, New Jersey) (29). * 

Amino Acn> Analysis 

«»^£° "fl "P*** 0f isokted amyloid fibrils 
end the protein in each peak from the GOOD Sephadex 
cokurn, were performed on a JEOL-5AH analyzer after 
hydrolysis m 6 n HCI at 110" C. for 20 hours (28). 

Ssquincb STUDntS 

*2l Tar* 8 ?? 0 ? f murine Peak 3. 700 ml. of N, N- 
toettyl^-aljylamine (Pierce Biochemicsls, Rockford 

Pab ^ California); and 70 ml of 
^lamfaa (Pierce BioohemicaU) were reacted £ 
grdmgto ^ nroceduw of Braunitser, Sehrani, and 
BuWus ® in the reaction cup of a Beckman 890C se- 
quencer. The sequencing procedure wanh^carried oS 

Rjow-pepfeide program W 071472 Beckmm\ Uborato- 

Ser^'itotiM?^^^ resid ^ 
were identified on a Beckman 65 gas cnromatograph 



^wstion, Orangeburg, New Ycrk^and f 
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Fia. 2i EUctroa micrograph ofmouu apleon «ft«r 25 caietn Injso- 
tkn». A fixed reticular cell {FRC) U mm; it umUine mAny deep 
oywplawnic invagination* (eatirhk) in longitudinal or oblique iao- 
tloos and contains bundled of well orieated amyloid fibrils (Am). 



(19). Each phenylthiohydantoin residue after sequence 
degradation was converted to its free amino acid by 
hydrolysis in 67 per cent hydriotk acid (Fisher Scientific 
Company, Pittsburgh, Pennsylvania) at 126° C. for 20 
hour? and the identity confirmed by amino acid analysis 
(27). 

Antibody Formation 

Antisera were produced in New Zealand White rab- 
bits by the intradermal Injection of 0.1 mg. of Peak 3 
protein in complete Freund'e adjuvant. The animals 
were boosted with repeat intradermal injections of the 
same antigen at 4 and 6 weeks and bled 1 week later. 

Immunodiffusion 

The protein in each peak from the 0*100 Sephadex 
column was tested by double diffusion in agar against 
antiserum to the Peak 3 protein. In addition, the murine 
amyloid fractions were tested against anti-human pro- 
tein AA and human AA was tested against anti-murine 
Peak 3 protein. 



Numerous inclusion* (/) arealeo noted. SLRC, Sinuf lining ntico- 
Lar cell; Sin, stow HBC, red blood oell. (Cenventtonel eletfreii 
microscopic preparation.) Uiany! acetate and lead atratej x 18,000, 



RESULTS 

At the end of the 25-day injection period the spleen 
and liver were markedly infiltrated with a homogenous 
eosinophilic Congo red positive substance by light mi- 
croscopy (Fig. la and b), By electron microscopy, depos- 
its of amyloid fibrils were closely associated with the 
reticuloendothelial cells (Pig. 3)- Deep cytoplasmic in- 
vaginations were seen in the cells which contained bun* 
dies of well oriented amyloid fibrils. Also, in the cyto- 
plasm of these cells, inclusions were seen which have 
recently been described and are considered to be the 
transitional forms between the primary type of dense 
bodies and the cytoplasmic invaginations containing 
amyloid fibrils (24). 

The amyloid-rich spleens totaling 4.0 gm. in wet 
weight were pooled for isolation of amyloid fibrils. fl» 
wet weight was equivalent to approximately 800 mg. <* 
dry weight and after the Isolation procedure yielded 140 
mg. of anyloid fibrils. High resolution electron micros' 
copy of the isolated murine amyloid fibrils 
strated them to be comparable with fibrils from hum&* 
preparations (Pig. 3). Fibrils were seen as. singled 
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W£ dower band and molec* 

tow larger band. H» molecular weight of 10000 for 
mum* Peak 9 protein (or AA) is ajXly bigh£tf^ 
Aeaoleculw weight of human ATXS^bS 
J^rted by many investigators as 8,500 (3, 9, 14/1© 

miSSjft rf 4116 murine Peak 3 

S^rV^f" 1 . W 1)8811 »upled to sulfophenyw 

was j recovered m the ethylacetate phase of the fast 
reaiduBftr analysis by gas dawnatoSSy "h^bS? 

n °tod m protein AA from other modes ELhtT 
Si? J l l calculated from aw dwZto? 

* v *£ as residua numbers 17 and 20, respeo- 



2,5™ to WW A in width, which appeared rigid, 
Mrinrccbng, and of indeterminate lengffi!]Late3v. 

"» » per cent of the recovered material 
ITm^ ^ "nab^a of each peak were carried out 
CWe : I) The protein in Peak 3 waanoted to tJcornS 
jWjto human protein AA, the n^einSStf 

^^amyloidoaw in guinea pigs, both ofwhicWre 
E glutamic acid, glycine, and alanine and 
«a Jeuane. No cystine was present 

J*™ mk 3 protein was seen as two cleeely abjmed 
^ai^ahownin compariaon tohumanproffif 
«Tg. 5>. The larger amount of murine pioteinlppeared 



IL~i J . «•* numoars 17 and 20, respto. 

SST'hJf^u autographic identity widdS 
made but yields were too low to cmantitate. 
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40 60 80 100 
Fraction no. 



120 



Fie. 4. Gel chromatography of maris* «mytoid fibrils through 
ftphsdes G-100 (24 cm. by 90 em.) elutrt with 4 k guwwJi^HCl, 
0.1 m Trio, pH 7.5, and collected In I ttl.'fraction*. 



Tabu 1. amko Acp Aitwrm OUaiPura ft* loo Bumma) 



PMkl PMkS PeakB 



Guinea pig 
amjrloid prt- 



Lytlns 


6.7 


5.5 


5.3 


4.1 


5.0 


HUddine 


2.5 


2.2 


3.0 


21 


3.0 


Arginint 


6.6 


6-2 


7.2 


104 


64 


Ai&arttetcid 


6.5 


9.9 


11.6 


12.1 


10.6 


Threonine 


3.5 


fi.l 


9.7 


1.8 


2.7 


Serine 


4.1 


9.9 


9.S 


5.5 


5.4 


Glutamic acid 


24.8 


14.8 


13.3 


8.5 


11.9 


Proline 


6.8 


4.5 


2,1 


2.6 


34 


Glycine 


5.9 


9.0 


14.9 


12.0 


104 


Alanine 


4.5 


8.6 


13.9 


16.1 


16.6 




2.7 


1-3 


0 


0 


04 


Valine 


7.3 


5.2 


2.0 


9.0 


3.6 


Methionine 


2.3 


2J 


3.0 


1.2 


94 




5.6 


4.0 


2.8 


4.9 


2.4 




104 


1.1 


1.9 


4.0 


54 


Tyrosine 


5.9 


9,0 


4.0 


9.5 


4.0 


PhfinylAlftiiitit 


5.8 


4.9 


9.2 


7.9 


5.0 



isolated protein AA when tested againat the antiserum 
to murine Peak 3 (Fig. 7). No reaction was aeen with 
normal CBA/J aenim, human protein AA, normal hu- 
man serum, or amyloddotic human serum. Conversely 
antiserum to the human protein AA did not react with 
the murine Pteak 3 or the casein-treated murine ocrum, 
indicating a epeciee specificity. 

DISCUSSION 

Casein injections in the CBA/J murine model have 
been shown to induce a secondary or protein AA type of 
amyloidosis. Histologically and with Congo red stain- 
ing, the amyloid has the classic fibrillar appearance and 
green birefringence. On electron microscopy the mouse 
spleen tissue section fibrils were extracellular, 80 to 100 
A In cross-section, and die deposits were seen closely 
associated with the reticuloendothelial cells. The deep 
cytoplasmic invaginations of the reticuloendothelial 
cells containing toe amyloid fibrils have been consid- 
ered to be the site of amyloid fibril formation (Fig. 2) 
(12, 24). On high resolution microscopy after isolation, 
the fibrils were rigid, nonbranching, of indetermine 
length, and identical with all other isolated amyloid 
fibrils. 

Ito fibril component of the murine amyloid, protein 
AA, was found to CTOeWeact with immunologic identity 



A comparison of this sequence with protein AA from 
other species was made by aligning serine at position 2 
(Table 3). Twenty-three of the 27 residues were identical 
with the sequence of human protein AA thus giving an 
85 per cent homology. The substitutions occurred at 
positions 7, isoleudne for leucine; 12, glutamic acid for 
aspartic add; 16, glycine for arginine; and 22, threonine 
for serine. All of the substitutions represent first or 
third base changes of the genetic oodoti scheme, thus 
indicating a similar side chain character for each substi* 
tuted amino acid. Also for comparison, the proteins AA 
from guinea pig, monkey, mink and a preparation of 
mouse amyloid induced by Candida, albican are in- 
cluded (Table 3) and discussed below. 

Four of five rabbits produced antibody within 7 weeks 
of initial immunization with murine Peak 3 (or AA) and 
all were specific fbr murine protein AA. Sera from ca- 
sein-treated CBA/J mice were tested and found to con- , 
tain a component which cross-reacted identically with 
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* 



Fta. 5. Tm pgr cent toylainldi tedium dodtcyl eolftte dlsci^ 
ftketrophortsis of murine protein AA ikfi) and human 
(right). 
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Globulin, I 




Fm. 6. Molecule weights as ckUxmioW by m igr*tia6. us oentiiBe- 
tea of proteiiu in 10 per cent icrylawide vadium doaWl tulfct* »1 
■Mrophorafiifi. The murine AA (a) wm slightly lirgtr than & 

turnup AA, 



roteia With a component in murine serum, SAA, when they 
ttrtEtgr wm tested against the antiserum to murine AA. In 
human studies SAA has been found in only minute 
quantities in normal sera, but SAA is markedly ele- 
cted in secondary amyloidosis as well as in acute and 
chronic inflammatory conditions. The size of SAA ap- 
peara to be apfimadinalely 100,000 daltrasm comparison 
to that of 8,500 daltans for tissue AA. When the human 
md murine models were compared, a definite spedes 
apedfirity was found in testing SAA and AA with anti- 
AA. Because of its elevated levels with disease and its 
jwaranologie identity to AA, SAA has bean presumed to 
Jctto precursor in the pathogenesis of secondary amy. 
Wo fibrils. 

ktact SAA has not yet been isolated in any spedes 
tad thus sequence data of the high ranWilay weight 
Ffttaiu are not available to aid in understanding the 
Pathogenesis of tissue AA. The N-terminal variations of 
ptotein AA among the various species are of interest, 
**tver, for in spite of their obvious sequence homol- 
^vi*^ *PP eaiB to be an N-tarminal heterogeneity 
«aNe 3). Amyloid secondary to casein inaction in 
Pj^Pl** has been shown to be composed of protein 
I ^ with an additional 5 amino add N-terminaJ peptide 
I rf-^Lys^ly-Olu) prior to the usual' AA sequence 
J Arg-SerJPhe (26). It varied from the human 

Wototype at positions S, with iaoleudne for phenyl- 

525! : a iJF$ for * | y dne; 14 > pro^e for 

and 18, with leudnc fbr tryptophan. 
Amyloidosis seoondary to a chronic granulomatous 
r**se in a monkey was also found to be primarily 
GK?!^ ?°? ever ' «PPK«iaately 22 per cent of the 
^calea lacked the N-tenninal ei^inine residue (13). 

was identical with the human AA except 



' and aligned beginning at residue 17 by partial sequence 
of two cyanogen bromide fractions. Interestingly, like 
the guinea pig and monkey, it has an N-terminal varia- 
tion from the usual sequence with a blocked N-terminal 
(15). Other differences from human AA tyrosine 
for tryptophan at position 18 and tyrosine for arginine at 

position 25* 

A study has recently been reported using Candida 
albicans to induce amyloidosis in C57BL/K mice (10). 
The experimental amyloid produced was protein AA 
and had minimal variations when compared to the ca- 
sein-induced murine amyloid of the present study, A 
lack of N<-terminal arginine was noted, and the amino 
acids at positions 7, 12, 15, and 22, which varied from 
the human and other spedes, wtte similar to- those 
found in the CBA/J casein-induced amyloidosis. Glycine 
at position 2 was the only variation from the present 
study. 

Other studies using the murine model include one in 
which amyloidosis was produced experimentally by four 
methods (Mycobacterium butyricum, casein, casein 
plus PreunoVs adjuvant, and endotoxin). In addition, 
amyloid had developed spontaneously in noninbred 
male Swiss mice (general purpose mice). Chemical 
analysis on the spontaneous mouse amyloid showed an 
amino add analysis characteristic of protein AA, but an 
N-terminal which was unreadive to dinitxofluoroben- 
xene (11). 

A spontaneously occurring amyloid in aged SJL mice 
has recently been studied, and it appears that an amy- 
loid which Is not protein AA occurs in that spedes (22). 

MtmiNX AA 



* triptophan rather than phenylalanine at position 3. 
^ootoxin has been used to induce amyloidosis exper- 
JJJally in mink The amyloid fibril was identified as 
AA from a characteristic amino add analysis 



1 
2 
t 
4 
* 
§ 
7 
8 
9 
10 
11 
12 

13 

14 

15 

16 

17 

IS 

10 

20 

SI 

22 

23 

24 

25 

26 



Ssr 

Fhe 

Phi 

Ssr 

*b* 

lis 

Gly 

Ghi 

Ala 

Phi 

Gin 

Gl 7 

AU 

Gly 

A&p 

Met 
Arg 

Aim 

Tyr 

Asp 

Mst 

< r 

Glu 
Ala 



OaJ chrocna- 
togrtptty 


nmolef 


Amino cpd 
aoaljHii 






Ser, Arg 


Phs * 


141.5 


Pha 


Phs 


164.0 


Pha 


8er 


».« 


Str 


Phs 


1M.0 


Pti. 


Oe 


1SS.0 


Ha 


<?* 


9S.2 


<Hy 


Gin 


147.9 


GVu 


Ala 


122.6 


AU 


Pbt 


W,S 


Phe 


Glu 


75.6 


Glu 


Gly 


39.9 


Gly 


Ala 


97.6 


Ala 


Gly 


45.6 


Gly 


Asp 


53.9 


Asp 


Met 


48.0 






N.C.* 








Arg 


Alt 


27.0 


Ala 


Tyr 


N.C- 


iyr 






Hit 


Asp 


1**5 


Alp 


Met 


40.0 




Glu 


14.S 


Glu 


Ala 


27.X 


Ala 



* - Reeidue could not t* determined, 

*N.C., Not calculated. 

*< ) fadeteminaat by OC or AAA. 



FROM 



(FRI) 2 4 2005 1 3:44/ST. 1 3 : 03/NO- 55601 1 8826 P 87 



SKINNER, SHIRAHAMA, BENSON, AND COHEN 



1*abc*atO*t Iotbotzgatio* 



| Tabu 3* Amino Aero Siqubmci of Caakn-Inpucid Mum* Axtlocd Pioto* AA and Compaxook with Hukan AA, Gtosa Pic AA, 
I Mgotbt AA, Aim Mna AA 



B 



9 



10 U 



AA (13) 
Mink AA (15) 
mrim AA (10) 

Murine aa 
Huaaa 

Cwirtis Pig 

Konksy 

ftink 

Murine AA 



13 14 15_ 



Ou-ay-Ala-Cly-A^-rtet- dtp)- Ary - Ala The - A*p - *tet - < > - Olu - Ala - 

Afip - dy.- Ala -Arg-Agp-Mnt-tKp-AxV" Ma - 7V^ - Ser - Az*> - Het-Azg-CLil-AlA- 
(]-Giy-i*D-<>-Aip-*Bft-tao-()- AWSer - 

Aap - Qy - AAA - AZ9 - Aap - M»t Tifp - Arg - Ala -^-Sar-Aqp-Mat-Iys-CXu-Ala* 

-*tet-Tyr-Arg-ALa-Tyt-fier-A^)-Mtt-Tyr-ag-Ala- 
<au-<ay-JUa-01y-Aap-^"^"^*Aia-iyr-^-JMp-l^ 



1 ,V A A y 



0 



O . 



0 



1 

Fie, 7, Dtubli diffusion in agar of mtfeenim to murlDi AA 
(MAA ) [Uft) And tntiseium to human AA (HAA) (rifto) wwui I . 
iamyfettotic human serum; 2, human AA; 3, normal human atnuft; 

'The amyloid fibril component was of larger size and had 
ian uniso add analysis unlike tint at protein AA. In 
addition, the amyloid fibril protein did not react with 
"antiserum to mouae AA. 

Thee* N*tenninal variations suggest the hypothesis 
j that the protein AA, if it is derived from the larger SAA 
precursor, may represent a cleavage of the C-terminal 
portion of SAA. Attempts to isolate the intact SAA, an 
! 80,000 to 180,000 molecular weight protein, from human 
senim have been uneuocessfcl. Several investigators 
haw partially degraded it by formic add and isolated a 
12,000 to 14,000 molecular weight protein (1, 17, 21, 26). 
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One N-tenninal sequence of the degraded SAA has been 
identical with the usual human protein AA (21). Tbi* 
would make a cazboxy-terminal cleavage of AA from 
SAA less likely unless one postulates both an amino and 
a carboxy-terminal clsavagv in the pathogenesis of AA 
from SAA. It will be important to see the total sequence 
of the 12,000 to 14,000 molecular weight protein and also 
the N-termhxal sequence of the larger SAA in order to 
clarify this problem. 

In summary, amyloidosis has been induced in CBA/J 
mice with casein, The amyloid found has had the clastic 
tinctorial and election microscopic properties whan 
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Abstract 

Amyloid fibrils are ordered aggregates of peptides or proteins that are fibrillar in structure and contribute to the compli- 
cations of many diseases (e.g., type 2 diabetes mellitus, Alzheimer's disease, and primary systemic amyloidosis). These fibrils can 
also be prepared in vitro and there are three criteria that define a protein aggregate as an amyloid fibril: green birefringence 
upon staining with Congo Red, fibrillar morphology, and (5-sheet secondary structure. The purpose of this review is to describe 
the techniques used to study amyloid fibril formation in vitro, address common errors in the collection and interpretation of 
data, and open a discussion for a critical review of the criteria currently used to classify a protein aggregate as an amyloid 
fibril. 

© 2004 Elsevier Inc. All rights reserved. 

Keywords: Amyloid fibrils; Protein aggregation; Congo Red; FTIR; TEM; Criteria; Classification; Review; Techniques; Thioflavin T 




1. Introduction 

Amyloidosis describes a group of diseases that are 
characterized by the deposition of amyloid fibrils and 
other biological molecules (called a plaque or amyloid 
deposit) that kills cells or prevents them from func- 
tioning properly [1,2]. Amyloid can be identified using a 
radioactive tracer in vivo or at post-mortem by the 
staining of tissue sections with Congo Red [3-5]. The 
location of the deposits varies and typically governs the 
observed symptoms. In Alzheimer's and prion disease, 
for example, these deposits are in the brain and result in 
dementia. In type 2 diabetes mellitus, the deposits are 
formed in the pancreas and contribute to p-cell dys- 
function. Alternatively, the deposits can occur in mul- 
tiple locations, which is observed in primary systemic 
amyloidosis. 

Amyloid fibrils are ordered aggregates of a normally 
soluble peptide or protein. More than 20 different pep- 
tides/proteins have been identified in amyloid fibrils in 
vivo [6]. Amyloid fibrils can also be produced in vitro by 
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subjecting disease-associated or non-disease associated 
peptides/proteins to destabilizing conditions [7,8]. The 
presence of amyloid fibrils (either ex vivo or in vitro) is 
defined by three criteria: green birefringence upon 
staining with Congo Red, fibrillar morphology, and P- 
sheet secondary structure [9]. An in vitro sample that 
satisfies these three criteria is shown in Fig. 1 . 

A major impetus for the characterization of in vitro 
amyloid fibrils is to test the 'amyloid hypothesis/ which 
asserts that amyloid fibrils or the formation of amyloid 
fibrils is a causative factor in disease onset and/or pro- 
gression [10]. This hypothesis has been supported by the 
demonstration that amyloid fibrils and amyloid fibril 
intermediates (Fig. 2) are toxic to cell cultures [11,12]. 
The study of amyloid fibril formation in vitro, however, 
has applications beyond the relationship of fibrils to 
human disease. The characterization of the process of 
protein misfolding that occurs as a prelude to fibril 
formation has provided insights into normal protein 
folding and the evolution of protein folding [13-15]. 
Furthermore, the highly ordered arrangement of pro- 
teins in amyloid fibrils has sparked considerable interest 
in the use of amyloid fibrils for nanotechnology and 
other applications in materials science [16,17]. 
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Characterization of Amyloid Fibrils 



1. Fibrillar morphology by TEM 

A B 




2. prsheet secondary structure (FTIR, X-ray) 

A B 




1700 1680 1660 1640 1620 1600 [700 1680 1660 1640 1620 1600 

Wavenumber (cm 1 ) Wavenumber (cm* 1 ) 

3. Birefringence upon staining with Congo Red 

A B 



Fig. 1. A protein aggregate formed in vitro that satisfies the three criteria to define the sample as amyloid fibrils is shown on the right and clearly 
demonstrates fibrillar morphology by TEM, 0-sheet secondary structure by FTIR, and green birefringence under polarized light upon staining with 
Congo Red. The protein aggregate on the left does not satisfy any of these criteria. Reprinted with permission from [23,58]. 



2. Techniques, trouble shooting, and critical analysis of 
amyloid fibril criteria 

2.1. Overview of techniques 

In vitro studies are typically performed using pure 
protein samples or protein in the presence of other 
components found in amyloid deposits. The techniques 
discussed in this review are presented in the context of 
the study of the protein component alone, but can easily 



be extended to studies in which different additives are 
present. Two aspects of amyloid fibril formation can be 
characterized in vitro; the determination of the structure 
of the fibril and the process of fibril formation (i.e., 
mechanism and kinetics). Both processes begin with the 
characterization of the component peptide or protein by 
traditional techniques used to study protein structure. 
However, since many amyloid-forming peptides and 
proteins are highly prone to aggregate in vitro, tech- 
niques which require low sample concentration (e.g., 
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Peptide or protein 



Protofibril 

or Protofilament 



Filament 



Fibril 




Fig. 2. Schematic diagram of the assembly processes that have been 
observed during amyloid fibril formation in vitro. Note. Not all pep- 
tides and proteins have been shown to have a protofibril or protofil- 
ament intermediate state. 

circular dichroism spectroscopy) are utilized most fre- 
quently to maintain the molecule in a monomeric form. 
Once information about the initial secondary structure 
is known, the protein can be subjected to conditions to 
promote aggregation into amyloid fibrils. The exact 
conditions are highly variable and sample dependent. 
Once conditions that promote fibril formation are es- 
tablished, the kinetics of the process can be examined by 
assaying the solution for fibrils at specific time intervals. 
The most common techniques to identify the presence of 
amyloid fibrils are Thioflavin T (ThT) 1 fluorescence, 



' Abbreviations used: CD, circular dichroism spectroscopy; DDI, 
distilled and deionized; DMSO, dimethyl sulfoxide; DTGS, deuterated 
triglycine; FTIR, Fourier transform infrared spectroscopy; HFIP, 
l,l,l,3,3,3-hexafluoro-2-propanol; HPLC, high performance liquid 
chromatography; LN 2 , liquid nitrogen; MCT, mercury cadmium 
telluride; PTA, phosphotungstic acid; RP-HPLC, reversed phase 
HPLC; TEM, transmission electron microscopy; TFA, trifluoroacetic 
acid; TFE, 2,2,2-trifiuoroethanoI; ThT, thioflavin T; UA, uranyl 
acetate. 



Congo Red binding, transmission electron microscopy 
(TEM), and Fourier transform infrared spectroscopy 
(FTIR). (Note: although ThT fluorescence is not one of 
the 'defining* criteria for amyloid fibrils, it is relatively 
well accepted as an indicator of the presence of amyloid 
fibrils.) These procedures for detection are typically new 
applications of old techniques, so the application of 
these methods to the examination of fibrils will be 
highlighted. 

2.2. Sample preparation 

The single biggest obstacle in the examination of 
peptides and proteins that form amyloid fibrils is sample 
preparation. There have been numerous reports of batch 
to batch variability and poor reproducibility of experi- 
ments both within and among laboratories with many 
different proteins [18]. Several different factors can 
contribute to this variability. The first issue to consider 
is the purity of the peptide or protein sample. Impurities 
can affect the kinetics of aggregation [19-21] and, un- 
fortunately, there is no way to predict if a sample im- 
purity will increase, decrease, or have no effect on 
aggregation. To prevent chemical degradation of pure 
samples, proper storage conditions are important. 
Typically, peptides are most stable when stored as a 
lyophilized powder, under N2, in a desiccator, in the 
freezer (-20 °C). However, even under these conditions, 
some peptides can undergo chemical modifications [21]. 
Therefore, the purity of the sample should be examined 
prior to each experiment. Proteins are also prone to 
chemical modification over time and should likewise be 
properly stored and carefully examined for chemical 
modification. 

The next aspect of sample preparation is to assess the 
ion-pairing agent used in the peptide/protein purifica- 
tion process since the ion pair can affect the kinetics of 
aggregation. The purification, particularly of peptides, is 
performed using buffers that contain either HC1 or tri- 
fluoroacetic acid (TFA). Since peptides are charged 
molecules, the negative ion present from the acid (CI" or 
TFA~) forms an ion pair with the positively charged N- 
terminus or side chains of the peptide. These two re- 
agents lead to ion pairs that differ in size (Cl~ < TFA") 
and hydrophobicity (Cl~ < TFA") and, consequently, 
can have a significant effect on amyloid fibril formation. 
The AP1-40 peptide, for example, has been shown to be 
random coil by CD if prepared from TFA but P-sheet if 
purified using HC1 [22]. Equally dramatic effects of ion 
pairing agents on the ability of IAPP 2 4_29 to form am- 
yloid fibrils have also been reported [23]. 

Another important aspect of sample preparation is 
the removal of pre-formed aggregates from purified 
peptide and protein samples. Amyloid fibril formation 
typically follows nucleation-polymerization kinetics but 
the presence of a pre-formed aggregate or fibril 'seed' 
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dramatically alters the observed kinetics as shown in 
Fig. 3 [24]. Aggregates are removed by filtration using a 
syringe filter (20 nm) or centrifugation, but the aggre- 
gates must be larger than the filter size or dense enough 
to form a pellet to be removed. Organic solvents 
(DMSO, dimethyl sulfoxide; TFE, trifluoroethanol; and 
HFIP, hexafluoroisopropanol), strong acids (TFA, for- 
mic acid), and concentrated base (NaOH, NH4OH) 
have also been used for solubilization of pre-formed 
aggregates. Formic acid, however, should be avoided 
because it can result in the formylation of serine [25], 
Organic solvents should be used with caution because 
they can dramatically alter the secondary structure and 
aggregation properties of proteins and peptides. DMSO 
is very hygroscopic and wet DMSO can, in some cases, 
promote aggregation [26]. TFE and HFIP can also 
promote non-native P-sheet interactions [27]. In addi- 
tion, organic solvents can cause leaching of plastic tubes 
and should be used only in glass containers. A couple of 
other notes of caution about filtering samples warrant 
mention. First, fibrils can pass through syringe filters, 
even a 20 nm filter. If the filtered material is examined by 
TEM, long fibrils (which presumably pass edge-wise 
through the filter) and short fibril fragments (i.e., me- 
chanically broken fibrils) are often present (MRN/DPR 
unpublished results). Second, most commercially avail- 



able syringe filters are prepared with wetting agents that 
absorb significantly below 220 nm. This can make 
quality CD spectra below 220 nm difficult to obtain. 
Therefore, syringe filters should be prewashed with DDI 
water prior to sample filtration. 

On a final note, many samples that are assayed for 
amyloid formation are incubated in phosphate buffer at 
physiological pH and temperature for a given period of 
time. These conditions can promote fibril formation in 
some systems but also provide ideal conditions for 
bacterial growth. Bacterial growth can also readily occur 
in samples that contain amyloid fibrils (MRN/DPR 
unpublished results). Both ThT and Congo Red can 
bind to bacteria and result in false positive results. 
Bacterial growth can be minimized by adding 0.05% 
sodium azide, performing the incubation at 4 °C, auto- 
claving buffers, or by growing the sample in D2O instead 
of H2O. D2O is a good substitute for water since it is 
only about 10% more viscous, allows for easy FTIR 
analysis, and inhibits bacterial growth. 

2.5. Strategy and techniques for detecting amyloid fibril 
formation 

To determine if a peptide or protein will form amy- 
loid fibrils, a systematic approach can be used which 
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Fig. 3. The aggregation of a protein (P) into amyloid fibrils typically begins with a lag phase' in which no aggregation is observed. During this time, 
the entropically unfavorable process of initial association occurs. Once the aggregation process begins and a critical nucleus is formed, the aggre- 
gation proceeds rapidly into amyloid fibrils (solid line). The lag phase, however, can be overcome (dotted line) by the addition of a pre-formed 
nucleus (i.e., an aliquot of solution containing pre-formed fibrils). This schematic represents the 'nucleation-polymerization' kinetics for amyloid 
fibril formation [24], but other similar kinetic processes have also been reported [59]. 
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minimizes cost but maximizes sensitivity. The sample is 
incubated under a variety of different solution condi- 
tions (pH, temperature, and ionic strength) which are 
suspected to promote fibril formation. Each sample is 
visually examined for an increase in viscosity, gel for- 
mation, or the appearance of a precipitate. Once a 
change in viscosity or a gel/precipitate is observed, the 
sample is analyzed by the Thioflavin T (ThT) assay and 
the Congo Red assays. If a positive result is obtained by 
either assay, the sample should be examined for the 
presence of fibrils by TEM. If fibrils are present, the final 
step is to determine if there is p-sheet secondary struc- 
ture either by FTIR or X-ray fiber diffraction [28]. 

The Thioflavin T (ThT) Assay measures the change in 
fluorescence intensity of ThT upon binding to amyloid 
fibrils. The enhanced fluorescence can be observed by 
fluorescence microscopy or by fluorescent spectroscopy; 
the spectroscopic assay is described in Procedure 1 . The 
spectroscopic assay is commonly used to monitor fibril 
formation over time, but the assay is not strictly quan- 
titative [29] and differences in binding have been ob- 
served for samples after lyophilizatioh [60]. 

Procedure 1 : Thioflavin T spectroscopic assay [29] 

1. Prepare a ThT stock solution by adding 8mg ThT to 
lOmL phosphate buffer (10 mM phosphate, 150mM 
NaCl, pH 7.0) and filter through a 0.2 urn syringe fil- 
ter. This stock solution should be stored in the dark 
and is stable for about one week. 

2. Dilute the stock solution into the phosphate buffer 
(1 mL ThT stock to 50 mL buffer) on the day of anal- 
ysis to generate the working solution. 

3. Measure the fluorescence intensity of 1 mL working 
solution by excitation at 440 nm (slitwidth 5nm) 
and emission 482 nm (slitwidth lOnm), averaging 
over 60 s. 

4. Add an aliquot of untreated protein solution (5- 
lOuL) to the cuvette, stir for 1 min, and measure the 
intensity over 60 s. This serves as the control sample. 

5. Repeat steps 3-4 with 5-10 uL of the aggregated pro- 
tein solution. A measured intensity above the control 
sample is indicative of amyloid fibrils. 

6. Note: the ThT assay can also been performed in mul- 
ti-well plates [29] or in situ [30]. 

False negatives can occur if the fibrils are packed 
together in such a way that the surface for ThT binding 
is not present. The aggregation kinetics for islet amyloid 
polypeptide, for example, have a lag phase followed by 
an initial increase in ThT intensity during fibril forma- 
tion and then a decrease in ThT intensity [31]. This is 
likely a result of the formation of mat-like assemblies of 
fibrils which are difficult to sample and lack ThT bind- 
ing sites (MRN/AC unpublished results). False positives 
can be observed due to ThT binding to amorphous ag- 
gregates or bacteria. 

The Congo Red birefringence assay was developed for 
the examination of in situ and ex vivo amyloid and was 
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later extended to the examination of in vitro samples 
(Procedure 2). Many things exhibit birefringence but are 
not amyloid; buffer salts (phosphate and urea) are in- 
herently birefringent and appear as intense white bire- 
fringence, hair or other fibers exhibit birefringence but 
are often multicolored. This technique is relatively sub- 
jective and a known fibrillar sample should be used as a 
control. There is also a Congo Red spectrophotometric 
assay which is more objective, less prone to misinter- 
pretation, and can be easily combined with the micro- 
scopic analysis (Procedure 3). 

Procedure 2 : Congo Red birefringence assay [5] 

1. Prepare the staining solution: prepare a solution of 
80% EtOH: 20% DDI water and add a saturating 
amount of NaCl. Stir this solution for a few minutes 
and filter away the excess NaCl. Add a saturating 
amount of Congo Red, stir, and filter to obtain the 
final working solution [32]. Congo Red can be used 
straight from the manufacturer or can be recrystal- 
lized from 50% EtOH:50% DDI water prior to use 
[33]. The staining solution should be used on the 
day of preparation or can be stored if 0.05% sodium 
azide is added to inhibit bacterial growth. 

2. Air-dry 10 (iL of the aggregated protein solution onto 
a glass microscope slide. 

3. Place 200-400 uL of the staining solution onto the 
dried protein sample. Wait a few seconds and then 
blot away the excess solution with a lint-free Kimw- 
ipe (or hardened filter paper), being careful not to 
touch the sample, and allow the stained sample to 
dry at room temperature. 

4. Examine the stained sample using polarized light mi- 
croscopy. The microscope should have high quality, 
strain-free lenses for optimal performance. If the po- 
larizers are aligned, the material stained with Congo 
Red will appear reddish pink (the affinity for Congo 
Red is known as congophilia). If the polarizers are 
crossed at a 90° angle to each other, the background 
of the sample will turn black. Any bright spots that 
appear are a result of birefringence (the sample 
bends the light in such a way that it can pass 
through the upper polarizer to reach your eye). 
The detection of yellow/green birefringence is con- 
sidered a positive result for the presence of amyloid. 
The absence of such birefringence is a negative 
result. The birefringence under crossed polarizers 
should match the areas of Congo Red staining ob- 
served under visible light. 

Procedure 3 : Congo Red spectroscopic assay [34] 

1. Prepare a 7mg/mL solution of Congo Red in buffer 
(5mM potassium phosphate, 150mM NaCl, pH 
7.4) and filter through a 0.2 um syringe filter immedi- 
ately prior to use. 

2. Zero a UV-Vis spectrophotometer between 400 and 
700 nm at room temperature with a sample of 1 mL 
phosphate buffer in a disposable cuvette. 
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3. Add 5uL of the Congo Red solution to the phos- 
phate buffer, scan between 400 and 700 nm and re- 
cord the spectrum. 

4. Add 5-10 uL of protein solution to the cuvette and 
incubate for 30min at room temperature. At this 
stage, a red precipitate may become visible. Mix the 
contents of the cuvette by pipetting the solution up 
and down and then record the spectrum between 
400 and 700 nm. 

5. Mathematically subtract the Congo Red spectrum 
from the protein + Congo Red spectrum. A maximal 
spectral difference at 540 nm is indicative of amyloid 
fibrils. 

6. To use this sample for the microscopic analysis, 
transfer the protein + Congo Red solution from the 
cuvette to an Eppendorf, centrifuge at 12,000- 
1 4,000 rpm to pellet the fibrils, wash the fibrils with 
water, resuspend the fibrils in a small amount of 
water, and place on a glass microscope slide. Let 
the sample air-dry and analyze under polarized light 
(Procedure 2, step 4). 

Birefringence upon staining with Congo Red is used 
as a method for the identification of amyloid fibrils but 
many issues regarding this technique remain unresolved. 
Deposits could be overlooked due to the thickness of the 
sample, orientation of the deposits, or problems with the 
equipment or use of the equipment [35,36]. Therefore, 
Congo Red birefringence may be useful for the identi- 
fication of amyloid deposits, but Cooper asserts that 
using this technique exclusively would result in false 
negative results and other techniques should be used 
[35]. Although this warning was issued long ago by a 
pioneer in the amyloid field, Congo Red birefringence 
remains a primary criterion for amyloid fibril identifi- 
cation both in vivo and in vitro. If a sample does not 
show birefringence upon staining with Congo Red but 
exhibits all other properties of amyloid, it is currently 
not likely to be classified as amyloid. 

The mechanism of interaction between Congo Red 
and amyloid fibrils is not well understood. It has been 
suggested that the interaction may be from an oligomer 
of Congo Red molecules not a single monomer [37]. 
Furthermore, Congo Red has been shown to bind to 
soluble proteins, not just insoluble amyloid fibrils [38] 
and recent advances in microscopic methods have re- 
vealed that the core of amyloid deposits do not show 
birefringence after staining with Congo Red [61]. Congo 
Red has several functional groups (Fig. 4) that could 
potentially interact with amyloid fibrils by: (1) hydrogen 
bonding with the primary amino groups acting as H- 
bond donors, (2) ionic interactions via the sulfonate, (3) 
hydrophobic interactions between the aromatic rings 
and the fibril, (4) steric intercalation of the dye between 
P sheets, or (5) a combination of these interactions. 
There is no reason to assume a priori that the mecha- 
nism of interaction will be the same for ex vivo versus in 
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Fig. 4. Chemical structure of Congo Red. 

vitro preparations or for amyloid fibrils of different 
peptide/protein compositions. There is substantial evi- 
dence, in fact, that amyloid fibrils of different compo- 
sitions bind Congo Red by different mechanisms. The 
binding of Congo Red to poly-L-lysine, for example, is 
pH dependent and the mechanism of interaction has 
been proposed to be an electrostatic charge pairing be- 
tween the positively charged lysine side chains and the 
negatively charged sulfonate groups of the Congo Red 
molecule [34]. Other peptides such as insulin and Ap 
have been proposed to interact with Congo Red by 
hydrophobic interactions [39]. Studies in which the 
binding of Congo Red and Congo Red analogs to fibrils 
composed of different peptides revealed substantially 
different binding affinities, suggesting the dye interacts 
by different mechanisms depending on the component 
peptide [40]. Additionally, the molecular packing of fi- 
brils can obscure ThT binding and may also obscure 
Congo Red binding. This phenomenon has been previ- 
ously noted in tissue samples and pretreatment with 
alkaline alcohol has been shown to break hydrogen 
bonds and result in significantly enhanced Congo Red 
birefringence [5]. 

In order for Congo Red birefringence to be justifiably 
used as the primary criterion for amyloid identification, 
it should bind to all amyloid deposits by the same 
mechanism such that the dye is detecting a common 
motif, not unique interactions with specific amino acids. 
There is now substantial evidence that Congo Red does 
not bind amyloid deposits by the same mechanism and 
may, therefore, not detect some deposits that are amy- 
loid because of amino acid composition or even fibril 
packing motifs. Thus, although deposits that exhibit 
birefringence upon staining with Congo Red generally 
have the other characteristics of amyloid deposits (the 
assay is specific), many deposits have the other charac- 
teristics of amyloid deposits but do not show birefrin- 
gence with Congo Red (the assay is not sensitive) 
[41-45,62]. For these reasons, the use of Congo Red 
birefringence as a rigid criterion for the identification of 
amyloid fibrils in vitro should be critically reconsidered. 

Transmission electron microscopy (TEM) is used to 
detect the presence of fibrils. For quality TEM data, the 
composition of the protein sample solution must not 
damage the EM grids and excessive salt should be 
avoided since salt crystals can obscure the identification 
of fibrils. The grids for amyloid fibril detection can be 
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made of copper or nickel with 200-400 mesh spacing. 
The grids are first covered in formvar and subsequently 
carbon coated. Staining is typically performed with a 2% 
solution of uranyl acetate (UA) in water (Procedure 4). 
Phosphotungstic acid (PTA) at pH 7.0 can also be used 
for staining fibril samples but significantly improved 
resolution for fibrillar samples has not been observed 
with PTA compared to UA. Many things on an EM grid 
are artefacts that can be mistaken for protein aggre- 
gates. For example, blemishes on formvar caused by 
some solvents or by a poor formvar coating can appear 
to be interesting shaped protein aggregates. Folded 
formvar can look like fibrils but is easily distinguished 
from authentic fibrils by a dramatic change upon fo- 
cusing due to the depth of the folded formvar. Dense 
uranyl acetate crystals are occasionally present and are 
not related to the protein composition of the sample. A 
completely blank grid is observed if the formvar has 
torn (which occurs if too high a concentration of sample 
is used) or if all the protein remained in solution and did 
not settle on the grid. The lack of any protein adsorption 
to the grid is typically a good indication that there is 
little to no protein aggregation, amyloid or otherwise. 

Procedure 4 : Negative staining of amyloid fibrils for 

TEM [46] 

1. Prepare a solution of 2% uranyl acetate in DDI 
water. This solution can be stored for several weeks 
at 4 °C. On the day of sample staining, spin the uranyl 
acetate solution at 12,000 rpm for 3 min to pellet any 
unsolubilized uranyl acetate. 

2. Place 3 fiL of protein sample on the grid. After 3 min, 
apply a torn edge of hardened, ashless filter paper at 
the edge of the grid to absorb the remaining liquid 
(this process is known as wicking). 

3. Immediately (i.e., do not let the sample dry on the 
grid), place 3 uL of staining solution on the grid, wait 
3 min, wick away excess solution, and air dry. 

4. The grids can be immediately examined or stored in 
an EM grid case prior to examination. The grids 
are imaged using an electron microscope operating 
at 80keV. Scan at low magnification (10-12,000x) 
to get an idea of the overall sample composition 
and then examine the finer details of the fibrils at 
higher magnification (25,000 x). Amyloid fibrils are 
typically linear, unbranching, and 5-10 nm in width. 
Glenner noted that "amyloid fibrils [in disease] may 

take forms and have dimensions differing from those 
previously described" and concluded that "no strict 
dimension can be placed on the amyloid fibril" [47]. 
This statement likewise extrapolates to amyloid fibrils 
formed in vitro. On a single grid of a protein fibril 
sample produced in vitro, it is possible to observe ag- 
gregates that are amorphous, spherical, fibrillar or 
higher-order assemblies of fibrils such as two fibrils 
wound around each other, lateral assemblies that form 
sheet-like deposits, and rope-like assemblies of many 



fibrils wound together [48]. This raises several issues: 
(1) Does there need to be a specific amount of the 
fibrillar deposit to define the sample as amyloid? (2) 
The distinct assembly patterns suggest that the fibrils 
formed from different peptides have fibril surfaces that 
are very different. Does the surface heterogeneity 
among fibrils affect the ability of fibrils to bind ThT or 
Congo Red? 

Fourier transform infrared (FTIR) spectroscopy is 
used to detect the presence of P-sheet secondary 
structure. Typically, the sample is examined before and 
after aggregation and an increase in P-sheet secondary 
structure is observed upon amyloid fibril formation. 
For FTIR analysis, sample preparation is very impor- 
tant. First, the ion pairing agent used in the purifica- 
tion of the peptide or protein needs to be IR 
compatible. Commercial peptides generally have TFA 
as the ion pair but TFA has an infrared vibration that 
interferes with the analysis of protein/peptide second- 
ary structure and, therefore, must be exchanged to 
another ion pair (Procedure 5, step 1). Next, the re- 
sidual water adsorbed to the peptide or protein needs 
to be exchanged to D2O. This step is not designed to 
fully deuterate the protein/peptide because, if the pep- 
tide or protein is subjected to conditions to fully deu- 
terate the sample, this may lead to a different FTIR 
spectrum by prematurely inducing aggregation. The 
peptide or protein is then analyzed by FTIR in D 2 0 
and a spectrum recorded; this procedure is repeated 
after fibril formation. The choice of sample holder and 
scanning parameters for FTIR analysis varies, but a 
dismountable sample cell (which can be thoroughly 
and easily cleaned) and a minimum of 64 scans en- 
compassing the range of 150O-1800cm _1 is ideal. The 
amide I band, which is used to assign secondary 
structure, occurs in the region between 1600 and 
1700 cm" 1 . However, many interesting side chain vi- 
brations occur on the edge of this range and detection 
between 1500 and 1800 cm" 1 will allow these vibrations 
to be observed. The most common detectors are DTGS 
and MCT. DTGS is particularly stable and, therefore, 
provides superior water vapor subtraction while the 
MCT detector is more sensitive but generally less stable 
and needs to be cooled with LN2. 

Procedure 5 : FTIR analysis of amyloid fibrils 

1 . Exchange the ion pairing agent: dissolve the peptide/ 
protein in 5 mM HC1, freeze in liquid nitrogen (LN2), 
lyophilize, and repeat this process 4-5 times. Alter- 
natively, the peptide/protein can be repurified by 
RP-HPLC using HC1 instead of TFA in the buffers. 

2. Exchange the residual H2O to D2O: dissolve the 
peptide in a small amount of D2O, incubate at 
room temperature for 30 min, freeze (LN2), and 
lyophilize. 

3. Amyloid fibrils should be formed in D2O with the 
pD adjusted with DCl/NaOD. As a general rule, it 
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is difficult to get quality FTIR spectra from fibrils 
formed in H 2 0 and then exchanged to D 2 0. 
4a. Data acquisition in D2O: purge sample chamber for 
20 min, take a scan of the empty chamber (as a 
background), purge for 20 min, take a scan of the 
same D2O solution used for sample preparation, 
purge for 20min, take a scan of the sample, and 
subtract the D 2 0 spectrum from the sample spec- 
trum*. 

4b. Data Acquisition in the solid state: purge sample 
chamber for 20 min, take a scan of the empty cham- 
ber (as a background), purge for 20 min, take a scan 
of the empty sample cell, purge for 20 min, dry the 
peptide or fibril sample onto the sample cell window 
using a gentle stream of nitrogen and take a scan of 
the sample, and subtract the D 2 0 spectrum from 
the sample spectrum*. 

5. Examine the Amide I region (1600-1 700 cm" 1 ) of the 
sample spectrum. P-sheet secondary structure is de- 
tected by the presence of a band near 1620 cm" 1 . 

6. Note: FTIR can be performed in H 2 0 instead of 
D 2 0, but very high sample concentrations are re- 
quired and the high sample concentration can make 
it difficult to obtain a sample spectrum of the mono- 
meric peptide/protein. 

*Some FTIR instruments do not require purging to 
eliminate water vapor (e.g., Perkin Elmer Spectrum 
One). 

The interpretation of an FTIR spectrum should begin 
with an examination of the primary sequence of the 
protein/peptide. Side chains such as Asn and Gin, which 
are common in amyloid-forming and prion proteins [63], 
have IR vibrations that overlap in the amide I band. 
Therefore, an estimate of the total contribution of the 
spectrum from the side-chain vibrations and where these 
vibrations typically appear should be determined [49]. 
The peaks in the spectrum can be identified by curve 
fitting of the original spectrum, Fourier self deconvo- 
lution which narrows the bands, or by analyzing the 2nd 
derivative of the FTIR spectrum which highlights the 
points of inflection (i.e., the peaks) of the original 
spectrum. For curve-fit analysis, it is important to note 
that a given spectrum typically will not have a unique fit. 
Therefore, the spectrum should be fit using the mini- 
mum number of curves necessary, the maxima of the 
curve-fit peaks should correlate with the maxima visible 
in the raw data, and typically the curve-fit peaks should 
have similar widths, i.e., full-width at half-height 
(FWHH) values. The integration of the area of the 
component bands used to generate the final curve fit can 
provide an estimate of the relative percentages of sec- 
ondary structure present (Fig. 1). A 2nd derivative 
spectrum should only be presented in conjunction with 
the original spectrum. The second derivative amplifies 
the peak positions but, if there is poor water subtrac- 
tion, the noise is also amplified and leads to a skewed 



data set (unless the data is smoothed, which is not en- 
couraged). 

The assignment of a peak at a given wavenumber to a 
given secondary structure should be done with caution 
since the FTIR analysis of protein secondary structure is 
still largely empirical. Thus, it is not possible to assign an 
FTIR spectrum a priori unless the percent of secondary 
structural elements is already known from another 
technique. The assignment of turns is particularly am- 
biguous. As a rule of thumb, however, a peak near 
1645 cm" 1 is indicative of random coil, 1655 cm" 1 of ot- 
helix, and 1620-1640 cm" 1 of P sheet [50-52]. Stronger 
hydrogen bonding results in a shift to lower wavenum- 
bers and, therefore, amyloid fibrils often have P sheet 
peaks below 1620 cm" 1 . FTIR has also been used to 
suggest that the P-sheets in amyloid fibrils are largely 
anti-parallel but some have been assigned a parallel 
orientation (e.g., insulin and calcitonin) [47,53]. The 
assignment of an anti-parallel P-sheet is based on the 
observation of a peak near 1680 cm" 1 that arises due to 
transition dipole coupling [54] and is absent in a parallel 
P-sheet. However, the assignment of the 1680 cm" 1 peak 
to transition dipole coupling can be ambiguous in some 
cases since the second band observed for a random coil 
structure in D 2 0 also occurs in this region [50]. 

There are two interesting issues to consider regarding 
the use of P-sheet secondary structure (detected by 
FTIR or X-ray diffraction) as a criterion for amyloid 
fibril identification; the hydration state of the sample 
and the amount of P-sheet secondary structure necessary 
to qualify a sample as an amyloid fibril. The current 
amyloid criteria do not include any specifications re- 
garding these parameters and, therefore, they are inter- 
preted using the widest possible range, i.e., any 
hydration state and any percentage of P-sheet structure 
is acceptable. It is widely known, however, that the P- 
sheet content of a dried sample is often significantly 
higher than a hydrated sample and, therefore, the 
analysis of fibrils in the solid state often facilitates the 
observation of P-sheet secondary structure [23,55]. This 
observation leads to speculation regarding the factors 
that are important in the observation of P-sheet struc- 
ture [64]. Furthermore, the effect of sample hydration 
and aggregation on the extinction coefficients for sec- 
ondary structural elements in an FTIR spectrum is un- 
known. The current assumption is that the extinction 
coefficients for all secondary structural elements are the 
same, which is likely true for folded proteins but not 
necessarily for aggregated protein samples. It is proba- 
ble, in fact, that protein aggregation may decrease the 
extinction coefficient for P-sheet secondary structure 
which would result in an 'apparent* decrease in P-sheet 
content. Therefore, the P-sheet structure criterion, 
will need to remain broadly defined until a correlation 
between sample state and extinction coefficients is 
established. 
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3. Proposal for revised criteria for the identification of in 
vitro amyloid fibrils 

The growing literature of fibrillar deposits that devi- 
ate from the criteria for standard amyloid fibrils high- 
lights the need for a re-evaluation of the techniques 
currently used to identify amyloid fibrils in vitro. Since 
many other properties have been identified to be asso- 
ciated with amyloid fibrils, it seems reasonable that a 
new classification system for in vitro amyloid fibrils may 
be warranted. As a possible new classification scheme, 
the following criteria are proposed: 

(A) Fibrillar morphology. 

(B) Fibrils that are entirely ot-helical are excluded. 

(C) A total score of 4 must be achieved by satisfying a 
combination of the following criteria. Only one 
item per category can count toward the final score 
(i.e., Congo Red binding by either the spectro- 
scopic or the microscopic assay yields two points; 
these two criteria cannot be combined to achieve 
four points.) 



Characteristic Score for a 

positive test 

(3-sheet secondary structure in 2 

hydrated or dried samples 

Congo Red binding (via micro- 2 

scopic or spectroscopic assay) 

ThT or ThS binding 2 

Gel formation 1 

Protofibril intermediate or 1 

seeded kinetics 

Low solubility in denaturant or 1 

protease resistance 



This classification system would include the current 
classification of an in vitro amyloid fibril (i.e., the sum of 
P-sheet secondary structure and Congo Red binding 
yields the necessary 4 points) but this system extends the 
boundaries to include other properties that have become 
associated with amyloid fibrils. The all a-helical aggre- 
gates [56,57] are excluded because, at this point, they are 
unique and seem to warrant their own separate cate- 
gory. However, continual revision of this scheme could 
lead to a broader classification of in vitro amyloid such 
that a more complete understanding of this class of 
aggregate will emerge as new discoveries are made. 
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ABSTRACT 

Amyloidosis is a group of diseases, all characterised by 
deposition of protein fibrils with a P-sheet structure. This 
structure generates affinity of amyloid for Congo red dye 
and is resistant to proteolysis. Three types of systemic 
amyloidosis are important for the clinician: AA (related to 
underlying chronic inflammation), AL (related to underlying 
monoclonal light chain production) and ATTR amyloidosis 
(related to old age or underlying hereditary mutations of 
transthyretin). Signs and symptoms vary considerably 
among the three types and the choice of treatment differs 
completely. 

A stepwise approach in diagnosis and therapy is presented 
When amyloidosis is suspected the first step is histological 
proof of amyloid and the second is proof of systemic 
involvement. The next two steps are determination of the 
. type of amyloid followed by detection of the precursor 
protein. The fifth step is a thoughtful clinical evaluation, 
necessary for assessment of prognosis and therapy. 
Subsequently, the choice of therapy is based on the 
'precursor-product' concept. In the final step, the effects 
of therapy on the underlying disease as well as on the 
amyloidosis are assessed during follow-up. In this evaluation 
serum amyloid P component (SAP) scintigraphy helps to 
show organ involvement and therapy response 

INTRODUCTION 

Amyloidosis is a group of diseases all characterised by 
deposition of proteinaceous fibrils with a molecular 0-sheet 
structure. 1 This structure of the fibrils is responsible for 



their insolubility, resistance to proteolysis and binding 
affinity for Congo red dye and the consequent green 
birefringence with polarised light. Amyloid fibrils are 
derived from different protein precursors. Extracellular 
deposition of amyloid fibrils in organs and tissues results 
in loss of organ function and may cause prominent 
swelling of the affected organ or tissue. Deposition of 
amyloid can be localised (restricted to one organ or site of 
the body) or systemic (in various organs and tissues 
throughout the body). The various clinical pictures of 
systemic amyloidosis are related to the type of precursor 
protein involved 1 - 2 Terms such as primary and secondary 
amyloidosis have become obsolete, because all types of 
amyloid are secondary to the production of a specific 
precursor. Therefore the old nomenclature has been 
replaced by a new one based on the protein precursor 2 
In this article the clinician will find a stepwise approach to 
diagnosis, clinical evaluation and background of therapy in 
patients with suspected systemic amyloidosis. Readers who 
want to know more about clinical aspects and molecular 
mechanisms of the systemic amyloidoses are referred to 
the review articles of Falk et aP and Merlini and BelorhV 

CLASSIFICATION 

Although localised deposition of amyloid plays an important 
role in the development of widespread serious diseases 
such as Alzheimer's disease (0-protein in the plaques) 
and diabetes mellitus type II (amyhn in the islands of 
langerhans), this article focuses on the systemic types of 
amyloidosis. There are four major types. li 
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AA amyloidosis 

This type is caused by longstanding inflammation. Serum 
amyloid A protein (SAA), an acute phase reactant, is the 
precursor protein. Renal manifestations, such as proteinuria 
(progressing to nephrotic syndrome) and loss of renal 
function (progressing to renal failure), are observed very 
frequently (about 90% of cases). Less frequent manifes- 
tations are autonomic neuropathy, hepatomegaly and 
cardiomyopathy. 

AL amyloidosis 

AL amyloidosis is caused by a plasma ceil dyscrasia. Lambda 
or kappa immunoglobulin light chain is the precursor 
protein of this type. Clinical manifestations are very diverse, 
such as cardiomyopathy, hepatomegaly, splenomegaly, 
nephrotic syndrome, renal failure, orthostatic hypotension, 
diarrhoea, peripheral and autonomic neuropathy, arthro- 
pathy, carpal tunnel syndrome (CTS) and glossomegaly. 
The diversity of manifestations (and their combinations) 
depends on the severity of deposition in the various 
organs and tissues. 

ATTR amyloidosis 

Various autosomal dominant hereditary point mutations 
of the precursor protein transthyretin (TTR) cause this 
type. Transthyretin, formerly called prealbumin because 
of its elecrrophoretic profile; is an acronym of a transport 
protein of thyroid hormone and retmol-binding protein. 
More than 80 of these mutations have been described. 
Prominent clinical manifestations are (familial) peripheral 
and autonomic neuropathy, but cardiomyopathy, renal 
failure and eye involvement (vitreous opacities) are also 
often observed- Severe cardiomyopathy can be the presenting 
sign in some of the TTR mutations. In very old age. normal 
('wild-type') TTR can also behave as precursor protein. 
This so-called senile systemic amyloidosis is characterised 
by a slowly progressive cardiomyopathy. 

Ap2M amyloidosis 

This type is caused by renal failure and longstanding (i.e. 
at least 5 to 10 years) dialysis with decreased clearance of 
beta-2-miaoglobulin (fJiM). [J2M is the precursor protein 
of this type. Clinical manifestations are arthropathy, such 
as tenosynovitis, shoulder pain, CTS. periarticular cysts, 
pathological fractures and destructive spondyloarthropathy. 
Synovial tissue biopsy is the method to detect amyloid. 
Kidney transplantation stops the disease. 4 -* 
Ap2M amyloidosis is a disabling disease that should be 
recognised and treated. This article, however, describes 
only the first three types (AA, AL and ATTR) of systemic 
amyloidosis because these types are often unexpected. 

difficult to diagnose, with variable involvement of many 
different organs and tissues and often pose the problem 
of finding the most appropriate therapy. 



PROOF OF AMYLOID 

The first step is to detect amyloid. The diagnosis of amy- 
loid is based on proof of its presence in tissue. This can 
be shown in a positive Congo red stained tissue specimen 
with the characteristic apple-green birefringence in 
polarised light {sec figure j). The abdominal subcutaneous 
fat aspiration is the most elegant and least inconvenient 
method for this purpose, with a sensitivity ranging 
between 54% 6 and 82% 7 * and a specificity of 100%. 




Figure 1A and B 

Example of an abdominal subcutaneous fat aspirate, 
stained with Congo red, magnification jox. 
A: When viewed in normal light, amyloid is stained red. 
B: The same specimen viewed in polarised light: amyloid 
shows apple-green birefringence. 



These figures are similar to those of the well-known rectum 
biopsy.* If the primary biopsy site (fat or rectum) is negative 
for amyloid and there is strong suspicion of amyloidosis, 
a biopsy of the other tissue is useful to increase the chance 
of detecting amyloid- A bone marrow biopsy can also be 
used, but has a disappointingly low sensitivity of 50 to 60%/ 

When all biopsies are negative but a strong suspicion of 
amyloidosis still exists, a biopsy of the affected organ or 
tissue is indicated. 1,9 
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SYSTEMIC DEPOSITION 

Amyloid deposition can be local or systemic Therefore 
the second step is to check for systemic deposition. Some 
sites are exclusively involved in systemic amyloidosis, such 
as kidneys, liver, nerves, abdominal fat and spleen. If 
such a site is positive for amyloid, systemic involvement 
is established. Localised amyloid can often be found in 
other sites of the body, including the eyelid, cardiac atria, 
larynx, ureter and skin. In these cases amyloid must be 
undetectable elsewhere in the body to confirm localised 
amyloidosis. Most other sites (bone marrow, heart, bowel, 
lung, joint, etc.) are nearly always involved in systemic 
amyloidosis. In this situation it is recommended to 
demonstrate amyloid in two different organs or tissues. 
For this demonstration, however, it is sufficient to have 
histological proof at one site (such as bone marrow, skin 
or rectum) and clinical involvement (such as nephrotic 
syndrome, hepatomegaly, macroglossia, or cardiomyopathy) 
at the other site. 10 



TYPE OF AMYLOID 

After verification of presence of systemic amyloid, the 
third step is determination of the type of amyloid. In many 
cases the type of amyloid can be assessed with high 
probability from the medical history and clinical picture. 
Amyloidosis in a patient with longstanding rheumatoid 
arthritis and nephrotic syndrome is almost certainly the 
AA type. Someone with polyneuropathy who belongs to a 
family with hereditary amyloidosis probably has ATTR 
amyloidosis. And in a patient with characteristic shoulder 
pads and glossomegaly it is hard to imagine something 
other than AL amyloidosis. Nevertheless, even in these 
patients with strong clinical evidence for a particular type 
of amyloid, more solid confirmation of the specific type of 
amyloid should be detennined. The clinical consequences 
of incorrect typing of amyloid can be considerable: 
prognosis and therapy of the three major types of systemic 
amyloidosis are completely different. 

1 mmunohistochemistry of a biopsy is helpful to characterise 
the type of amyloid by using specific antibodies (see figures 

2 and j). In AA amyloidosis this technique is sufficient, 
provided sensitive and specific monoclonal antibodies are 
used, such as mci lc and Reu.86.2." Jl 

However, in ATTR amyloidosis and especially in AL 
amyloidosis this method is less reliable than in AA 
amyloidosis. This is caused by heterogeneity of amyloid 
deposits, loss of epitopes in the fibril structure, lower 
sensitivity and specificity of (polyclonal) antibodies and 
nonspecific adherence of immunoglobulins to amyloid 
deposits or the background. 10 Lack of a positive family 
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Figure jA and B 

Rectum biopsy of a patient with AA amyloidosis, 

magnification jox. Small deposits of amyloid can be seen 

in the epithelial border and in the suhmucosa in the 

walk of blood vessels. 

A: Amyloid is red in the Congo red stain. 

B: Amyloid is brown in the immunoperoxidase stain 

with monoclonal antibodies against SAA (ReuM.2). 



history does not exclude ATTR amyloidosis as shown by a 
considerable number of 'sporadic' cases that have been 
described 13 Therefore presence of a TTR mutation (by DNA 
analysis) must be established in all cases of ATTR amy- 
loidosis. The only exclusion for this requirement is old 
age (>8o years) and a typical clinical picture of senile sys- 
temic amyloidosis (Le. slowly progressive cardiomyopathy). 
In patients with AL amyloidosis, a monoclonal plasma 
cell dyscrasia with overproduction of lambda or kappa 
light chain must be present Jt can be detected in bone 
marrow (clonal dominance by immunophenotyping of 
plasma cells), urine (Bence Jones proteins, irrununofixation 
of concentrated urine) and blood (M-protein, immuno- 
fixation and the free light chain assay). However, a mono- 
clonal gammopathy of undetermined significance 
(MGUS) is frequently present in healthy older persons. 
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Figure 3A and B 
Kidney tissue of a patient with AA amyloidosis. 
Amyloid is brown in the immunoperoxidase stain with 
monoclonal antibodies against SAA (Rtu.86.2). 
A: Overview with glomeruli and vasa recta, magnifica- 
tion 10X. 

B: Detail glomerulus, magnification 40X. 



ranging from 2% in persons of 50 to 3% in persons of 70 
years. 14 Thus detection of MGUS does not exclude other 
types than AL amyloidosis. It is important to notice that the 
clinical picture of ATT R amyloidosis and AL amyloidosis 
can sometimes be similar, such as in cases with polyneu- 
ropathy, autonomic neuropathy, cardiomyopathy and 
carpal tunnel syndrome. In such a clinical picture it is 
therefore not sufficient to show the presence of a plasma 
cell dyscrasia but also necessary to exclude a TTR mutation 
before AL amyloidosis can be diagnosed.' 1 



PRECURSOR PROTEIN 

After establishing the type of amyloid it is time for the 
fourth step, i.e. to look for a precursor protein in the 

blood. Detection of a precursor protein and measuring its 
serum concentration is important for therapy. In AA 
amyloidosis the precursor protein is SAA, an acute phase 



reactant. The behaviour of SAA during irulammation is 
comparable with C-reactive protein (CRP), a protein that 
can be assessed in routine clinical practice. In ATTR amy- 
loidosis the precursor protein is a mutated TTR. This can 
be detected by isoelectric focusing. 1 In AL amyloidosis a 
recently described assay shows the presence of free lambda 
and kappa precursor proteins in blood using specific 
antibodies raised against normally hidden epitopes in the 
complete immunoglobulin. 15 



CLINICAL EVAIUATION 

The fifth step is to obtain a reliable understanding of the 
'amyloid load'. Le. affected organs and tissues and severity 
of amyloid deposition in vital organs (such as heart, liver 
and kidneys). One should not forget to ask about the family 
history, impotence, orthostatic complaints, loss of sensibility, 
fatigue, weight loss and bowel problems. Physical exami- 
nation should also focus on signs such as orthostatic blood 
pressure, friability of skin, glossomegaly, arthropathy, 
hepatomegaly, splenomegaly, oedema, cardiac failure and 
loss of sensibility and muscle strength of extremities. 
A thoughtful systematic clinical approach is helpful. The 
heart can be examined with electrocardiography (signs of 
low voltage and pseudo-anteroseptal infarction), chest X-ray 
(normally sized heart despite signs of cardiac failure), 
echocardiography (thickness of septum and ventricular 
walls). 24-hour Holter registration (conduction, rhythm 
and heart rate variability) and a MUG A scan (ejection 
fraction). The kidneys can be examined with serum albumin, 
creatinine clearance, urine sediment and proteinuria, 
whereas serum albumin, liver enzymes such as alkaline 
phosphatase, bilirubin, coagulation tests and cholinesterase 
can be used to examine the liver. Thyroid-stimulating 
hormone can be used for the thyroid and fasting Cortisol 
for the adrenal glands. Autonomic function tests ('Ewing 
battery 1 ) and heart rate variability are ways of evaluating 
autonomic neuropathy. 1617 Electromyography can be used 
to assess peripheral neuropathy. Abdominal ultrasound 
may be helpful to evaluate size and echogenecity of liver, 
spleen and kidneys. Not ail of the examinations men- 
tioned above need to be employed because often it is obvious 
that clinical organ involvement is not present at all. 
However, echocardiography should be considered in all 
patients, even in those without cardiac symptoms. 
Serum amyloid P component (SAP) scintigraphy is a 
technique that has been developed in London by Pepys 
and Hawkins for specific evaluation of amyloidosis/ 8,19 
AU amyloid deposits contain SAP, a glycoprotein that 
belongs to the pentraxin family and binds in a calcium- 
dependent way to all amyloid deposits independently of 
the protein of origin. The "^-labelled SAP scan can show 
specific uptake in organs such as liver, spleen, kidneys, 



Hazenbtrg, et al. AL amyloidosis. 

APRIL 2004, VOL. 62, NO. 4 
124 



FROM BIOMEDICAL INFORMATION SERVICE 



i2S JFRI) 2. U'05 14:57/ST. 1 4 : 5 1 /NO. 4862209018 P 10 
fh^journal of Medicine 



adrenals, bone marrow and joints (see figure 4 for some 
examples). However, myocardium does not show specific 
uptake, probably because of the combination of high 
background activity of tracer still present in the blood 
pool and decreased permeability in cardiac tissue of this 
tracer with a high molecular weight' 8 Measurement of 
SAP retention after 24 or 48 hours combined with the 
intensity of organ uptake on images provides a quantitative 
estimate of amyloid load in an individual patient that 
might be used to monitor effect of therapy in this 
patient' 9 The technique is only available in a few centres. 



than one year. 1,9 Median survival in AL amyloidosis in 
case of symptomatic cardiomyopathy is four to six 
months, with kidney involvement about two years and 
with CTS more than three to four years. Patients with AA 
amyloidosis have a median survival of two to four years. 1 9 
However, survival depends greatly on the activity of the 
underlying inflainrnabon. 20 Patients with ATTR amyloidosis 
may survive up to 10 to 15 years. 1 

THERAPY 




ski 

Figure 4A, B and C 

SAP (Serum Amyloid P component) scintigraphy 24 
hours -after intravenous injection of ''U- SAP, total body 
uptake front (lejt images) and back (right images). 
A: Healthy control with minor nonspecific uptake (radio- 
active degradation products including free iodine) in 
stomach, bladder and minimal uptake in the (blocked) 
thyroid. 

B: Intense uptake in liver and spleen in a patient with 
AL amyloidosis. 

C: Uptake in spleen and kidney in a patient with AA 
amyloidosis. 



PROGNOSIS 

The last step before deterrnining therapy is assessment of 
prognosis. Generally prognosis is poor if the disease is 
untreated The prognosis depends upon the type of amyloid, 
severity of amyloid deposition, number of vital organs 
affected, presence of symptomatic cardiomyopathy, severity 
of the underlying disease and response to therapy of the 
underlying disease. Patients with untreated AI amyloidosis 
have the worst prognosis, with a median survival of Jess 



The current basis of therapy is the so-called 'precursor- 
producf concept. 11 The central idea of mis concept is that 
further growth of amyloid deposits will cease when the 
supply of necessary precursor proteins is put to a stop. 
Therefore, in AA amyloidosis the treatment is aimed at 
decreasing SAA serum levels to normal basal values 
{below 3 mg/1). This aim can only be achieved by a complete 
suppression or eradication of the underlying chronic 
infl a mm ation Examples are surgical treatment of chronic 
osteomyelitis and antibiotic treatment of infectious diseases 
such as tuberculosis and leprosy. In chronic irilamrnatory 
diseases such as rheumatoid arthritis and Crohn*s disease 
effective suppression of inflammation (resulting in a sub- 
stantial decrease of serum SAA levels below 10 mg/J) can 
be difficult, but should be attempted. 10 To achieve this 
goal, cytostatic drugs can be used (such as methotrexate, 
azathioprine, cyclophosphamide, or chlorambucil), but 
also anti-TNF (tumour necrosis factor) drugs (such as 
infliximab, adalimumab and etanercepr). In patients with 
TRAPS (TNF-receptor-associated periodic syndrome) 
etanercept (acting as a soluble TNF receptor) seems to be 
a rational treatment because of the abnormal function of 
the mutated TNF receptor." The interleukin-i-receptor 
antagonist anakinra may be highly effective in cryopyrin- 
related diseases such as familial cold urticaria and 
Muckle- Wells syndrome. 13 Colchicine has a central place 
in the treatment of familial Mediterranean fever (FMF), 
not only by reducing the frequency and severity of 
attacks, but also by preventing the development of AA 
amyloidosis. 14 Dimethylsulphoxide (DMSO) was first 
thought to dissolve amyloid fibrils, but turned out to be 
an arm^inflammatory agent. 25 The antiamyloid effect in 
AA amyloidosis appeared to be mediated by lowering 
SAA serum levels. lla ^ 6 

In AL amyloidosis the aim of treatment is to eradicate 
the underlying plasma cell dyscrasia by chemotherapy. 
High-dose melphalan with autologous stem cell trans- 
plantation is favourable in a group of well-selected 
patients. 17 * 18 In patients with hereditary ATTR amyloidosis 

liver transplantation is nowadays the only way to remove 
the source of 99% of the mutated TTR in the blood. 29 
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SUPPORTIVE TREATMENT 

Beside treatment aimed at the underlying disease, it is 
necessary to give supportive treatment for loss of organ 
function caused by amyloid deposition. In cardiac involve- 
ment the clinician should be extremely careful when using 
digoxin and calcium-channel blockers (their affinity to 
amyloid in the heart may enhance toxicity} and with cisapride 
for bowel motility problems (because of the risk of 'torsade 
des pointes'). Amyloid involvement of the heart primarily 
leads to right-sided heart failure; therefore the clinician 
should be careful with volume depletion (the problem is 
more an inflow. than an outflow problem). Patients with 
symptomatic bradycardia may need implantation of a 
pacemaker. Nephrotic syndrome can be treated with salt 
restriction, careful use of diuretics and angiotensin-convert- 
ing enzyme (ACE) inhibitors or nonsteroidal anti-inflam- 
matory drugs. Orthostatic hypotension is difficult to treat. 
Fludrocortisone should be tried first and sometimes 
erythropoietin may also be helpful to treat this condition. 
AmirryptiUine can be used for neuropathic pain; however, it 
should be used with caution (because of its possible 
effects on blood pressure and rhythm) in patients with 
cardiomyopathy. Adequate oral or intravenous feeding is 
mandatory in patients with significant weight loss, debilitating 
diarrhoea, absorption problems, or intestinal pseudo-obstruc- 
tion. Various problems can cause diarrhoea, such as dis- 
turbed bowel motility, bacterial overgrowth, bile salt mal- 
absorption and massive bowel wall infiltration with amyloid 
Multisystem involvement results in a mix of serious 
problems and in such a situation it is almost impossible 
to find an appropriate treatment for all symptoms. 1 

EFFECT OF TREATMENT 

The final step after the establishing therapy is the meas- 
urement of effect. This is especially true for patients with 
such an intangible disease as systemic amyloidosis. 30 The 
essence of the 'precursor-product' concept is that no further 
accumulation of amyloid deposits will occur after successful 
standstill of the supply of precursor proteins. Besides, the 
hope is that the body will be able to remove some of the 
amyloid deposits still present. Repeated measurements 
after specific time intervals can give an idea of the effect of 
therapy. It is important to note that two different processes 
should be monitored in this way. 
Firstly, the underlying process with its precursor protein 
should be monitored: serum SAA, free kappa or lambda 
light chain and mutated ATTR in AA, AL and ATTR amy- 
loidosis, respectively. If treatment is successful SAA levels 
should fall below 10 mg/1, free kappa and lambda levels 
and kappa/lambda ratio should return to normal reference 
ranges and mutant TTR should not be detectable in the blood. 



Secondly, the process of amyloid accumulation should be 
assessed by measuring the 'amyloid load'. For this meas- 
urement quantitative abnormal clinical signs should be 
monitored, such as serum albumin, alkaline phosphatase, 
bilirubin, creatinine clearance, proteinuria, ventricular 
wall thickness, ejection fraction, conduction and rhythm, 
heart rate variability, Ewing battery results and the size of 
enlarged organs, such as liver, spleen and kidneys. The 
abdominal subcutaneous fat aspiration can be repeated at 
each time point to get an idea of the severity of the presence 
of amyloid or its disappearance from tissue. 10 SAP 
scintigraphy, if abnormal at presentation, is the method 
of choice to monitor amyloid load in the individual 
patient. lJUo > 0 >' Although differences among the leading 
research groups are small, response criteria are currently 
not standardised. Comparing results of therapy will become 
much easier if the international amyloid community is 
able to create a generally accepted set of criteria for 
response, stable disease and progressive disease for the 
different types of systemic amyloidosis. 

TREATMENT PERSPECTIVES 

The 'precursor-product* concept focuses on the prevention 
of further deposition of amyloid. Clinical research is 
directed to developing new drugs that can interfere with 
amyloid deposition or can stimulate the removal of amy- 
loid deposits. A promising new drug for patients with AA 
amyloidosis is sodium-i,3-propane-disulfonate (Fibrillex). 
This drug is a glycosammoglycan-rrurnetic drug that binds 
to SAA. This binding may prohibit binding of SAA to 
glycosaminoglycans in tissue. 31 A multinationaJ phase 
II/III trial started in 2001 and results are to be expected 
in the summer of 2005. In AL amyloidosis 
4'-iodo-4'Kleoxydoxorubicin (IDOX) may have effect in 
soft tissue involvement, although definite proof has to be 
awaited. 13 CPHPC is another drug that leads to depletion 
of SAP from the circulation. 5 * If this mechanism indeed 
stops accumulation of amyloid, it may be very useful for 
all types of systemic amyloidosis. However, clinical results 
are not available yet Diflunisal is worth mentioning, 
which might be useful as stabilising ligand in patients 
with ATTR amyloidosis. This drug stabilises in vitro the 
TTR tetramer in blood and prohibits its degradation into 
amyloidogenic dimers and monomers.' 5 
A completely different approach is vaccination. Research 
has been focused on conformational epitopes present in 
all types of amyloid that might be used for vaccination/ 
If this hypothesis turns out to be valid, it can be used for 
patients with all types of systemic amyloidosis. What is 
more, in the future preventive vaccination might be 
considered in people at risk for the development of 
amyloidosis. 
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CONCLUSION 

A systematic, stepwise evaluation of patients with systemic 
amyloidosis helps to get a grip on this intangible disease. 
Histological proof of amyloid, verification of systemic 
involvement, assessment of the particular type of amyloid 
and its precursor form the background for a thoughtful 
clinical evaluation. New techniques such as UJ E-SAP 
scintigraphy may have a place in this evaluation. The 
'precursor-product' concept is still the current basis of 
treatment, but research is aimed at finding new ways to 
attack amyloid. 



NOTE 

Most data were presented at the Immunology symposium 
on Systemic Diseases in Groningen, 14 February 2003 
and at the Internal Medicine Congress in Maastricht, 
15 May 2003. 
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Common Core Structure of Amyloid Fibrils by 
Synchrotron X-ray Diffraction 
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Tissue Reposition of normally soluble proteins as Insoluble amyloid 
fibrils is associated with serious diseases including the systemic amyloi- 
doses, maturity Onset diabetes, Alzheimer's disease and transmissible 
spongiform encephalopathy, Although the precursor proteins in different 
diseases do not share sequence homology or related native structure, die 
morphology and properties of all amyloid fibrils are remarkably similar. 
Using intense synchrotron sources we observed that six different ex vivo 
amyloid fibrils and two synthetic fibril preparations all gave similar 
high-resolution X-ray fibre diffraction patterns, consistent with a helical 
array of (J-sheets parallel to the fibre long axis, with the strands perpen- 
dicular to this axis. This confirm* that amyloid fibrils comprise a struc- 
tural superiarnHy and share a common protolilament substructure, 
irrespective of die nature of their precursor proteins. 

© 1997 Academic Press Limited 

Ksyword$; amyloid; fibre; X-ray diffraction; protofflamcnt; structure 



Introduction 

Amyloidosis is the extracellular deposition of 
insoluble protein fibrils leading to tissue damage 
and disease (Pepys, 1996; Tan et at., 1995; Kelly, 
1996). The fibrils form when normally soluble pro- 
teins and peptides seltassodate in an abnormal 
manner (Kelly, 1997). Amyloid is associated with 
serious d\m*e& including systemic amyloidosis, 
Alzheimer's disease, maturity onset diabetes; and 
the pxion-ielated transmissible spongiform ence- 
phalopathies (Table 1). There is no specific treat- 
ment for amyloid deposition and these diseases are 
usually fataL The subunits of amyloid fibrils may 
be wild-type, variant or truncated proteins, and 
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similar fibrils can be formed to vlfro from oligopep- 
tides and denatured proteins (Bradbury et aL 1960; 
Filshie et al, 1964: Burke & Rougvu*, 1972}. The 
nature of the polypeptide component of the fibrils 
defines the character of the amyloidosis. 

Despite large differences in the size, native struc- 
ture and function of amyloidogenic proteins, all 
amyloid fibrils are of indeterminate length, 
unbr&ncheoV 70 to 120 A in diameter, and display 
thognomonic green birefringence when viewed 
polarized light after staining with Congo Red 
(Pepys, 1996). Early X-ray diffraction examinations 
of amyloid fibrils (Bonar et a/., 1967; Eanes k 
Clenner, 1966) gave simple patterns with 4.7 to 
4-8A meridional reflections and 10 A equatorial 
reflections, arising from the molecular spadngs 
present within the regularly repeating, ordered 
structural elements of the fibrils. They are charac- 
teristic of a cross-p structure (Pauling & Corey, 
1951) in which the polypeptide chain is organized 
in p4heets arranged parallel to the fibril axis with 
their constituent P-etrands perpendicular to the 
fibril axis. This distinctive fibre diffraction pattern 
led to the amyloidosis being called the P-fibriJloscs 
(Glenner, 1980a,b), and the fibril protein of Alzhei- 
mer's disease was named the 0-protein before its 
secondary structure was known (Gknner & Wong, 
1984). The characteristic cross-0 diffraction pattern, 
together with the fibril appearance and tinctorial 
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properties me now the accepted diagnostic hall- 
marks of amyloid, and suggest that the fibrils, 
although famed from quite different protein pre- 
cursors, share a degree of structural similarity. . 

In order to determine the extent and nature of 
this aunjlarity w? have used interne synchrotron 
X-ray beazna to obtain the flr*t high-resolution dif- 
fraction patterns from a range of different ex vfoo 
and synthetic amyloid fibrils, Amyloid fibrils were 
isolated from patients with, respectively: mono- 
clonal X iznmunoglobxiUn light chain amyloidosis 
(Fepyt, 1996); reactive systemic amyloid A protein 
amyloidosis (Pepys, 19%) and hereditary amyloi- 
dosis caused by Leu60Arg variant apolipoprotein 
A-l (Soutar et 1992); Asp$7His variant fysozyme 
(Percys * d„ 1993; Booth et al, 1997); and two 
different transthyretin variants, Yal30Met and 
Gly47Val (Booth et ol v 1994). Synthetic fibrils were 
prepared from a peptide corresponding to residues 
10 to 19 (P-strand A) of tnuisthyretia and from a 
peptide with the sequence of residues 20 to 29 of 
the lslet-asfiodated polypeptide (IAPP). 

The high-resolution meridional X-ray 
pattern and a common repeat on the 
fibril axis 

The synchrotron X-ray diffraction patterns from 
these different fibril preparations are shown in 
Figure 1 and the spadngs of the reflections are 
listed in Table 1 These high-resolution patterns are 
dominated by the cross- j3 reflections but they also 
contain groups of additional reflections that have 
not been observed previously In other amyloid dif- 
fraction patterns. Despite the known, large differ- 
ences in the lengths and folding oonfonnations of 
the polypeptide chains of the precursors, the major 
features of the diffraction pa ttems from the various 
amyloid fibrils am clearly very similar. 

The meridional diffraction pattern derives from 
the ordered molecular structures along the length 
of the amyloid fibril The presence of reflections on 
the meridian out to 2 A indicates that the individ- 
ual fibrils have highly ordered internal structures 
along the fibre axis. The intense reflection at 4.7 to 
4-8 A that dominates the meridional diffraction 
patterns of amyloid fibrils U derived from the 
mean separation of the hydrogen-bonded fkttrands 
that are arranged perpendicular to the fibre axis in 
the aoss-jJ structure (Figure 2). In addition to this 
intense reflection, the synchrotron radiation has 
also revealed several weaker, higher-angle reflec- 
tions, occurring in this range of diverse amyloids, 
that have not been r epo r te d, previously. These 
reflections include a second order of Ave 17 to 4.8 
spacing, at 2.4 A. 

In some of the amyloid samples (Figure 1(b), (d), 
(e) and (f), the intense "4.7 A" reflection can be seen 
to be a dose doublet, with components at 4.82A 
and 4,63 A. In patterns where this doublet cannot 
be resolved Its presence can be inferred from the 
observation that the calculated first order of the 



second harmonic of the 4.7 A spacing, found at 239 
to 241 A, maps to the extreme inner edge of the 
intense 4.7 A reflection, leaving space for a 46 A 
component within the overall intensity envelope. 
Ihe weaker, higher-angle reflections occur at 
closely similar spacings in the different samples. 
For example, reflections with spacings of 22 A, 2.8 
to 2-9 A, 122 to 2.27 A and ZOO to 242 A occur fro* 
quently, and reflections with spacings Of 239 to 
141 A (the second order of the intense 4 82 A reflec- 
tion) are present in all of the amyloid samples that 
we have examined at high resolution. Because these 
reflections are very weak, even in relatively well 
oriented patterns, their absence from certain images 
may simply indicate that they are too weak to be 
observed above the noise level in those patterns. 
The observed similarity over the medium- and 
high-angle regions of the meridional X-ray pattern 
can only occur if the fibrils have well-defined and 
closely similar molecular structures, at least insofar 
as their ordered core eomrx>nents are concerned. 

Ihe observed meridional spadngs can be fitted 
to the same repeat distance for each pattern, 
namely 115 A (Table 2). The observed spacings for 
many of the reflections can also be fitted to a fun- 
damental repeat of 283 to 29.9 A to give orders of 
diffraction or 6 through 14 for spacings from 4.6 A 
to 2-00 A. However/ this fit does not include all 
observed reflections. It is possible to include these 
if it is assumed that the 28.8 to 28.9 A distance rep- 
resents a pseudo-repeat and that the true repeat is 
four times as long, being 115.1 to 115.6 A. As 
Table 2 indicates, »J1 of the observed meridional 
reflections can be indexed on this longer repeat 
and this indexing can be canted out separately for 
the diffraction patterns from each type of amyloid 
fibril to give almost identical repeat distances. The 
ability to index the meridional spadngs from each 
different fibril preparation to essentially the same 
unit cell edge indicates a dose similarity in the 
underlying core molecular structure of all of 
these samples. This similarity is evidence that the 
protofilament structure of amyloid fibrils is com- 
mon across the diverse range of fibril samples 
examined here, regardless of the constituent pro- 
tein or the number of protofilaments making up 
the flbfiL 

The most intense features of the X-ray patterns 
we show here correspond to those previously 
reported for other amyloid fibrils (Table 1), includ- 
ing those from full-length (Kirscnner et ol., 2986; 
Gorevic et a/., 1987) and fragments of the Alzhei- 
mer's disease A0 peptide (Kirschner et d. f 1987; 
Fraser et at, 1991; Inouye et a/ v 1993), amyloid A 
protein (Turnel) et a/., 1986a), caldtonin (Gilchrist 
& Bradshaw, 1993), insulin (Burke & Rougvie, 
1972), and synthetic peptides of transthyretin 
(Jams et a/ v 1993) and the prion protein (Come 
et al, 1993; Tagliavini et of., 1993; Nguyen W al, 
1995), The lack of high-resolution data, beyond 
the basic cross-0 reflections, has limited further 
analysis of the molecular structures of these 
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Figure 1, X-rsy fibre diffraction patterns from a vm and synthetic amyloid fibril*. X-ray fibre diffraction patterns 
fometeht <Wf^ types of amyloid fibril prepared as described below. The meridional axis (direction parallel to 
S 1 * 1 ^ vertad «»* ™ *hi* display. AmytoU fibril samples A* follows: (a) ATTR2, Gly47Val rmurhyre. 
ttoj (b) ATTR1, VafcQMct transthyretin; (c) AAFOAl Uu60Arg apoUpoprotein A4; (d) AL, monoclonal X immimoilo- 
bulin light chain; (e) FTTH, peptide with the sequence of the A-strand of human tiansthyretin; (!) FIAFP peptide 
"itotte **«nce °* residues 20 to 29 of the islesassociated polypeptide; (g) AA, amyloid A protein: (NALyt, 
Aro67His iysozyme, Amyloid fibrils were isolated, a* described by Nelson ft at (1991), from spleens of patient* with 
differen ces of syitemir amyloidosis and prepazed for X-ray examination cm t stretch frame. A droplet ^ fibril sus- 
pfitW)fi (5 to 10 mg/rol in distilled water) was placed between two tubes and allowed to dry at room temperature, 
during which tut* ft* distance between the ends of the capillaries was Increased slowly, by small increment to 
strttchout the fibrils and encourage alignment The peptides were synthesized by standard peptide synthesis chem- 
istry and were dtosolved in distiled water at a attention of 10 mg/rnJ to produce smyldd fails* The soluttorv in 
a Aikoruztd capillary rube, was then placed in a 2 T magnsfe fold to facilitate alignment of the fibrils during their 
formation and was allowed to dry at *oom tempera tw* kit about ten days. X-myfflre diffraction eatteena were col- 
keted at user stato ID2 on bsamline 4 At the European Synchrotron Research Facility (ESRF) at Grenoble, France 
(wavelength 0.9515 A), at itAtion 72 at the 5ynchn>tron Radiation Source (SRS) at Baresbury, UK (wiv-Wh 

** KL^Srt 6 ^ **\» Armies we^cSS 

onMARResearch image plate X-ray detectors 080 or 300mm diameter). Various exposure tizneswere used far the 
Afferent samples to optimize the detection of reflections. 7he images wen collected on different bcemlines, with 
varying wavelengths, beam-stops and sample^oslerector distances; these variation* account for tr* ditfart^ in 
relative tonmsmes and positions of the beam stop between images. Trie fibre diffraction patterns were analysed usiiu 
S^ P ii y P^ P ^^ OT ' ***** ^workstation (O&IJE 



Differences in the equatorial reflections 

The equatorial X-ray reflections relate to the 
fibril structure perpendicular to the fibre direction. 
Because the crystalline order in fibres is usually 
much lower in directions perpendicular to the fibre 
axis than parallel to the axis, the equatorial reflec- 
tions from amyloid fibrils are weaker and broader 
than their meridional equivalents (Figure 1, 
Table 3). Early diffraction studies of amyloid 
(Bonax et a!., 1967; Hants & Clenner, 1968) demon- 
strated a single equatorial reflection with a spacing 



of about 10 A. As the intensities of the equatorial 
reflections are determined by the structure of the 
fibrils projected down the fibre axis, this reflection 
has been identified as representing the spacing of 
the ^sheets in the amyloid fibril 

The use of synchrotron radiation has revealed a 
more detailed equatorial diffraction pattern in 
which there are both additional reflections and 
also greater spatial resolution of the previously 
observed reflections. The synchrotron patterns do, 
however, exhibit broad maxima at around 10 A 
and 5 A, characteristic of P-sheets separated by 
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Tabic 2. Meridional reflections 



ATTR1 ATTR2 At AApoAl ALys AA FTTR FIAPP 
Order . 

•;-ls? ;^^'fift/^-^iv, s ^i/ , S 4jo! ••.••••4:5«. > ./i;4:eo . 

27 

28 
29 
30 

33 
35 

* • vr-r - 1 



y 



36 
39 

42 
43 

.<,44 * 2,61-7. 
45 
46 

49 



60 



54 
55 
56 
57 

""cSH 115,37 113,39 TlSTei Tis!48 115^6 115^2 115^3 115,48 
a 0.59 0.37 0.099 0.46 0.28 0.61 0.47 0.35 

$»dng (m A) of all meridional reflections measured from diffraction patterns with ti* mug&ponJing order of the indexed 
reflections. Calculi ltd ccd edge dimension (along; the meridian) given for each fibril sample (with standard aVraoont'Sam. 
plis u follow* ATTRl, VaBOMit variw< tnmsdTymin; A7TK2, G3y47Val variant tratfOryirctm; AL moroclonal X icmnuno* 
g^^n Kght diain; AApoA^ UuftAig virianr apoUpcprotein A4; ALye, Asp67His vvMnt lysoiya^ AA, amyloid A 
protein; FTTR, pqpfofcwith u>e jequence Of the A^lrcuid of wfld-typc huonan transtrmedn; WAFF, peptide with the sequence 
of residues 20 to 29 of die jsleUnodaied polypeptide, (jwh). off-merklkiniil rtfl«tkmi (TVt), (he affections do not index 16 
fte cmnmon «JJ edge dtatntion. IHui ii evidtnet from other studies tat ttus spacing arises from lipid ctotanination 
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Figure 2. Comparison of the m^ionA] «nd equAtodal 
reflection*, Mettdignal And equatorial profiles ton 

do* limiUil to in the m*ido«al dif^tfonandtheW 
dW(WfU!«i m the distribution of the Kpataaa] reflections 
fctween these diver* amyidd dimples. The sample*, 
illustrated ui the same order u In figure L wt as follows; 

P A IP ; (c) AATOAt (d) AL; <*) FIX* (f) 
5*^1 ^J^n^tions as in legend to 

figure 1). Meridional profiles ire illustrated u putt (tj 



approximately 10 A, as suggested earlier. It is 
known that the spacing in {Caheets is dependent 
on the side^diain composition of the p-sheetg 
(Amott et al, 1967; Geddes ft d., 1968). A recent 
analysis of the X-ray diffraction patterns from 
prion rods and fibrils tooted from peptides con* 
iponding to fragment* ot the prion protein has 
shown nut the p-sheet op agings vary in these 
samples because of differences m sequence 
(Nguyen vf a/., 1995). T1* present results are also 
in agreement with those of Jarvie and co-workers, 
who have reported 0-sheet spatings of 8 to 10 A in 
synthetic fibrils prepared from peptides that corre- 
spond to single strands of the transthyretin mol- 
ecule flarvis et 4., 1993). live slight variation in die 
equatorial reflections observed in die series of 
fibrils presented here therefore presumably reflects 
the differences in protein sequences in these 
diverse types of amyloid but falls within accepta- 
ble limits for amino acid compositions found in 
globular proteins. 

The larger number of equatorial reflections 
revealed by the synchrotron X-ray source suggests 
the presence of protofilainerus in amyloid fibrils. 
Hie short-range order involved in the packing of 

Erotofibmertts, within or between the fibrils, can 
e described by a one-dimensional interference 
function dependent on the centre-to centre separ- 
ate (or diameter) of the protofilamexxfc, and their 
arrangement in the fibrils (Burge, 1959, 1963). Elec- 
tron microscopy studies of the sub-fibrillar struc- 
ture of amyloid have revealed that different types 
of amyloid may show different numbers and 
airangements of protofllaments in the fibrils 
(Shirahama Se Cohen, 1967; Shirahama et at, 1973; 
Cohen d el, 1981). Fraser and co-workers have 
shown that the protofilaments formed by Af} pep- 
tides assemble into hollow rods or ribbons of var- 
ious sizes under different conditions of pH (Fraser 
ft al, 1991) and, while A% amyloid A protein and 
immunoglobulin light chain amyloid fibrils axe 
reported to be composed of five or six protofila- 
menls around an electron lucent core (Cohen et A, 
1981; Kirschner et el., 1987; Fraser et al, 1991), 
transthyretin amyloid has been shown to be com- 
posed of four ptotoOaments in a square array 
(Serpell et al, 1995). It may therefore be expected 
that the equatorial reflections produced by the 
amyloid fibrib of different types will reflect the 
variation in number and arrangement of protofila- 
ments in their fibrils. 



to (gj of the Rgme and equatorial profiles are parts (aj to 
g»)< The profiles were extracted using an adapted version 
of PKOFIDA (Lorera & Habnes, 1993). The diWion pit- 
terns were centred rotated to align the meridional axis 
with the vertical axis of the screen, and corrected for taun 
polarisation. Profiles were averaged over both Ar «nd a 9 
over ranges 0<t<OSk'\ Ar- 0,000782 and 
°< 8 < 1&V AS = 1*. The profiles are plotted on the same, 
arbl tray, intensity scale for comparison. 
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Table 3. Equatorial inflections 
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It is also possible that the diameter* o/theproto- 
filaments (and therefore their centre-to-centre 
spacing) may vary because of the need to 
Accommodate differently sized loops linking the 
ftatmcturc core, and/or to allow for some 
variation in the lengths of the (J-strands dependent 
on the nature of the precursor. These variations 
may account for the differences between the 25 
to 35 A diameter pfotofilaments seen in amyloid A 
protein and immunoglobulin light chain fibrils, 
and Alzheimer's amyloid and the 50 to 60 A diam- 
eter protofilamenlf demonstrated in transthyretin 
amyloid (Frasar «t 1991; Cohen * a/., 19S1; 
Serpell et al>, 1995), In view of these possible vari- 
ations of structure, the observed equatorial spadngs 
listed In Table 3 are difficult to interpret readily in 
more detail than is given above. Where there Is a 
sufficient number of equatorial reflections and other 
information it is possible to analyse the substruc- 
ture of the fibril in some detail, as for example, has 
been done for the transthyretin fibril (Make & 
SerpeH 1W6; Blake it «/„ 1996). The number of 
observable equatorial reflections listed in Table 3 is 
insufficient to characterize all of the amyloid fibrils 
studied here but the similarity in die equatorial 
reflections di splayed by the ex vivo fibrils an the one 
hand, and the synthetic peptide fibrils on the other, 
may reflect the fret that the protofilament packing 
in these two groups is related to the nature of their 
constituent polypeptides. 

A gtnerlc fibril structure 

The degree of similarity we have observed in the 
diffraction patterns of these different amyloid 
samples is indicative of a common coze molecular 
structure at least at the level of the protofilament 
The X-ray pattern of one of these fibrils, the 
Val30Met transthyretin amyloid, has been analysed 
in detail to generate a novel moleeukr structure, 
which has been described (Blake & SerpelL 1996; 
Blake rtd., 1996), and it is reasonable tosuppose 
mat its basic structural elements are representative 
of the other amyloid fibrils examined here, thia 
molecular model the protofilament* that make up 
the observed fibrils are composed of a number of 
jWwete (four in the case of transthyretin fibrfla; 
but this number may be particular to transthyretin 
amyloid) running parallel to the axis of the protofl- 



lament; with their component fctrands closely 
perpendicular to thia axis. The regular orientation 
of the strands and sheets with respect to the fibril 
axis may account for the magnetic anisotropy 
observed in amyloid fibril samples, which allows 
samples of fibrils to be aligned in a magnetic field 
(Inouye ct ol„ 1993), The diamagnetic anisotropy of 
Ae planar peptide bond has the effect that 
^sheets, in which the plane of the peptide bond is 
parallel to the sheet have a tendency to orient par* 
aM to an applied magnetic field (Worcester, 1978). 

The meridional reflections from these diverse 
amyloids are all consistent with the model of the 
continuous 0-sheet helix described in detail for the 
VaI30Met amyloid fibril (Blake & SerpeU, 1996). 
For all of the amyloids, the lowest-order reflection, 
fit 4.8 A, is Ae 24th order of the 115.5 A repeat 
suggesting that the amyloid core contains 24 0- 
strand* in each U5 5 A-long repeating unit along 
the fibril axis (figure 3). A twist of the 0-sheet 
through 360° in 115 J A generates a relative twist 
of 15° between neighbouring P-etrands if there are 
24 p-strands in the helical repeat. Most (3-sheet 
structures in folded proteins are twisted rather 
than planar and have a right-handed twfet of 0° to 
30* between strands. The rjghMwnded twisted 
conformation represents the lowest energy confor- 
mation of the 0*heet structure (Pauling k Corey, 
1951; Chothia, 1973)- This model of the amyloid 
protofilament core incorporates the most likely, 
lower energy, right-handed twisted Sheets but 
the data do not differentiate between left and 
right-handed helices. In this model, the twisting of 
the fUsheets around a common helical axis, which 
is parallel to the axis of the protofilament, accounts 
tor the repeating unit of approximately 115.5 A 
that is observed in all the amyloid fibrils studied 
here. The model Is therefore an elaboration of the 
classical cross-j} molecular structure, which permits 
the incorporation of the favourable twisted 0-sheet 
sfructurea (Pkulihg & Corey, 1951; Chothia, 1973). 
The helical structure of the protofilament enables 
the hydrogen bonding between the ^trends to be 
extended over the total length of the amyloid 
fibrils, thereby accounting for their characteristic 
rigidity and stability. The extended order in this 
dimension of the fibrils is responsible far the pseu- 

do-crystalltae sharpness of the meridional. reflec- 
tions 
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Figure 3. Model of the generic amyloid fibril structure. 
Molecular model of the ttmoton core prolofilaznent 
structure of amyloid fibril* A number of Meets (/our 
iliasirated here) mat* up the protofilatnartt structure 
These sheets run paraDd to the &id of the protofila* 
ment with their component fktrands perpnatcular to 
the faril axis. With normal twisting of the fatrartds, the 
Nheete twist around a common helial axis that 
coincides with the axis of the pmtoftftment giving a 
helical repeat of 1133 A rontainmg 24 (tetrands (this 
repeat is indicated by the boxed region). 



The present X-ray results support the view that 
Ws model represents the cor* molecular structure 
of an of the amyloid fibrils studied here, irrespec- 
tive of the number or arnuigement of protoflle- 

flT^k ^ d 1 em w«trate the Independence of the 
113.5 A helical repeat from the nature of precursor 
protein. The ability of this single structure to 
accommodate different length polypeptide chains 
may be understood in the following way. Very 
short peptide chains, say six to ten residues, axe 
able to form a angle 0-strand, which can act as the 
basic unit to be repeated along the fibre axis, long- 
w polypeptides 

ber of p-strands folding their chains back ond 
forth In this way the cross-p amyloid structure 
may be independent of the length of the polypeo- 
tide chains forming it. The features of th* structure 
that may varyand be dependent on duracteristtcs 



<FR I ) 2 4 2005 13:1 7/ST. 13:Q3/N0. 55601 1 8826 P 28 

i 
I 

Th* Amytotd F&rit Com Stivcture ' 



of the precursor axe mainly expressed in directions 
perpendicular to the fibre axis, where loops of 
varying length or other structures can be accom- 
modated without affecting the oore 0-sheet struts 
tune. These variations would be expected to be 
reflected in variability of the ^pacings and intend 
tie* of the equatorial re flections. In contrast the 
common 0*hftt helical structure should result in a 
constant pattern for the spacing* and intensities of 
meridional reflections. These characteristic* are 
exactly what to observed in the diffraction pattens 
from different amyloid fibrils. 

Fibrillogenesls and a 
structural conversion 

Table 1 lists the known or predicted structures 
of the amyloid fibril subunit precursors in their 
norvfibrillar form. The amyloidogenic proteins dis- 
play a wide range of native folds, yet the present 
analysis has demonstrated that all amyloid fibrils 
have the same cross-p molecular skeleton. Proteins 
such as the tamimogbbulin light chain 
(Schonnann et al„ 1995), transthyretin (Blake et al., 
1978; Terry et af,, 1993; Hamilton et al, 1993; 
SebasMo et tf v 1996) and Muooglobulin (Becker 
& Keeke, 1985) have similar, mainly 0-sheet native 
structures but, even so, must sustain significant 
structural changes when they are deposited in the 
cross-P amyloid form (Blake 6 SerpdL 1996; Blake 
et al., 1996), and It Is known that the farm of trans- 
thyretin that is amyloidogenic has a non-native 
conformation (Colon & Kelly, 1992; MoCutchen 
et al, 1993, 1995; Kelly, 1996). Proteins wch as 
ixwfoi (Adams et «/., 1969), cystatin C (Bode et at, 
19W), the amyloidogenic variants of lysozyme 
(Pep? <* 19W; Booth et al, 1997), and the prion 
protein (Riek et A. 1996), which have extensive 
native ^helical structure, may undergo even larger 
confbnnational changes when they form amyloid 
fibrils. 

Such a structural conversion has been demon- 
strated for the amyloidogenic variants of human 
lysozyme (Booth et a/., 1997), which show an 
Increase in p-sheet content and a loss of a-hriical 
structure during fibril formation in trffro, and it is 
also associated wihh infectivity in the prion spongi- 
form encephalopathies (Pan et al., 1993; Gaaset 
et 1992. 1993; Harrison et al H 1997). Studies of 
various peptides oorresponding to regions of the 
AM^rner-s disease A$ neptide have also demon- 
strated that structural plasticity is related to fibril 
formation (Hilbich et «/„ 1991; Barrow it al, 1992; 
T^afous et 1994; Sticht et al, 1995; Soto et al, 

1779). 

The present work demonstrate that, although 
the amyloldoganic proton* have very different 
precursor structures, they on all undergo a struc- 
tural conversioa perhaps along a similar pathway 
to a nusfolded form that is the building block of 
the £*heet helix protofihment This mechanism of 
structural conversion and the generic structure of 
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the amyloid protofilament offer two distinct targets 
for therapeutic molecules: compounds that could 
interfere with the transition from precursor to 
p-stnjctured fold and agents that might inhibit .or 
reverse the pocking ol protofQamertis Into fibril*. 
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Abstract 

The pathogenesis of the group of diseases known 
collectively as the amyloidoacs " characterized by 
the deposition of insoluble amyloid fibrils. These 
are straight, unbranching structures about 70- 
120 A (1 A -0.1 nm) in diameter and of indeter- 
minate length formed by the self-assembly of a 
diverse group of normally soluble proteins. Know* 
ledge of the structure of these fibrils is necessary 
for tha understanding of their abnormal assembly 
and deposition, possibly leading to the rational 
design of therapeutic agents for their prevention 
or disaggregation. Structural elucidation is imped- 
ed by fibril insolubility and inability to crystallize, 
thus preventing the use of X-ray crystallography 
and solution NMR, CD, Fourier-transform infra- 
red Spectroscopy and light scattering have been 
used in the study of the mechanism of fibril 
formation. This review concentrates on the struc- 
tural information about the final, mature fibril and 
in particular the complementary techniques of 
cryo*clcctron microscopy, solid-state NMR and 
X-ray fibre diffraction. 

Introduction 

There are approx. 20 human diseases, including 
Alzheimer's, Parkinson's and the transmissible 
spongiform encephalopathies! that are charac- 

Key words: diffraction, electron microscopy. NMR. 

Abbreviation usad: Afi peptide, amytofd^ peptide. 

'To vrtvwn correspondence shoUd be rtdrtfified (e-mail 

Is279@camaajk). 



terixed by the deposition of amyloid fibrils [1]. 
The soluble precursor proteins from which the 
fibrils are assembled do not share primary se- 
quences, function or native structure. However, 
amyloid fibrils formed from very different proteins 
appear to show considerable structural similarities 
.[2]. Information about amyloid structure is es- 
sential in order to gain a greater understanding of 
fibrillogenesia and the associated conformational 
changes, 

Specific chemical staining has been a key 
method by which amyloid has been identified. 
Indeed, amyloid means 'starch-like', due to its 
ability to be stained by iodine solution [3]- A 
characteristic apple-green birefringence pattern 
when stained with Congo Red dye and viewed 
under cross-polarized light is used to detect the 
presence of amyloid [4], Amyloid fibrils may be 
identified by their morphology under the electron 
microscope, by a 'crose-^ 1 X-ray diffraction pat- 
tern or the birefringence pattern observed after 
Congo Red binding. Initial work using electron 
microscopy by Cohen and others [5,6] showed that 
amyloid fibrils have a similar ultrastructure and 
morphology, being long, straight, unbrftrtched 
assemblies approx. 100 A wide and composed of 
two or more protofilaroenta, each 25-35 A in 
diameter and arranged in a helical manner. 

Information on structural changes accom- 
panying fibril formation has been obtained by 
means of kinetic studies using CD, atomic-force 
microscopy and light scattering. Light scattering 
tricks changes in particle size, while CD pro* 



(FRI) 2 4 2005 1 3:1 9/ST. 1 3 :03/N0. 55601 1 8826 P 34 



vides information about changes to the protein 
conformation accompanying fibriflogeneais and 
the environment ind orientation of aromatic side 
chains, Atomic-force microicopy provide* high- 
resolution data on the mechanism and kinetics of 
assembly. These have demonstrated that fibrilJo- 
genesis ie a process of micleation and growth, with 
nucleation being the rate-Jimiring step. 

Amyloid fibrils may be formed in vitro from 
synthetic peptides homologous to amyloid' 
forming proteins. Fibril, grown from synthetic 
peptides have the advantage of being more readily 
available and of grocer purity Than those extracted 
from tissue. Many researchers use truncated pep- 
tides whi ch, while formingfibrils of morphological 
and chemical similarity to those formed by full- 
length peptides [7-9], have the advantages of 
forming fibrils that are atraighter and mom 
ordered than those formed from full-length pep- 
tides. In addition, the effect of the removal of 
eemin residues on fibril growth and structure 
provides insights into the commonalities of amyl- 
oid [10,11]. ^ 

This review considers three major ways by 
which the structure of amyloid might be eluci- 
dated; that is, eryo-etecrron microscopy, solid- . 
state NMR and X-ray fibre diffraction. 

X-ray fibre diffraction 
The main conclusion from X-ray diflractograms is 
that amyloid fibrils share a common 'crosi-tf' 
structure [12-15]. This » based on the obser- 
vation that all the diffraction patterns show two 
major reflections. The first is a strong, sharp, meri- 
dional reflection at 4.7 A, corresponding to the 
hydrogen-bonding distance between the ^-strands 
that constitute a l-sheet. The second, slightly 
more diffuse reflection is on the equator around 
10-1 1 A that corresponds to the spacing between 
A-«heeta. This reflection can vary depending on 
the side-chain composition of the amyloid protein 
or peptide. 

fa 1968. Geddes et el. [16] first described a 
m ° dd for * molecule exhibiting this type of 
diffraction pattern for the egg ««lk Q f me hkcc ^ ng 
Ctyrnpa. Hers, the extended polypeptide chains 
fold back and forth to form a 0-aheet ribbon 25 A 
wide and indeterminately long, and the constituent 
^-strands run perpending to the fibre axis. 
These ribbons are flat, as described by Pauling and 
Corey [17], and stack face to face many times. 
Diffraction patterns from « two transthyretin 
amyloid fibrils gave rise to a model in which 



several ^-sheets turn around a central axis [18], 
Collection of fibre diffraction patterns from many 
other amyloid fibrils indicated that this model may 
constitute a generic model for the core structure of 
the amyloid protofilament [1 S]. 

Poorly aligned fibrils will only produce one- 
dimensional information, in the manner of powder 
diffractograms. Bxviw samples can be aligned by 
means of a stretch frame, giving further two- 
dimensional information circularly averaged in 
reciprocal space about the fibre axis [19]. Syn- 
thetic samples can either be grown o a a stretch 
frame, giving an improved fibre alignment, « r 
Brown in a strong magnetic field. Magnetically 
aligned truncated precursor peptides grow to 
produce structures that arc capable of producing 
the highest-quality diffraction patterns [20]. In 
some cases these samples are no longer cylin- 
dncauy symmetric, as the diffraction patterns 
down the fibre sods are not circularly symmetric, 
and may therefore be described as crystallites 
Diflractograms of these crystallites, at multiple 
angles, provide additional information about the 
reciprocal space lattice [21]. 

F ibri I« formed from fragments of the amy. 
loid-£ peptide (A/? peptide) [20-25] and prion 
Proteins [8] have yielded highly oriented dif. 
fraction patterns from which many structural 
models have been built (« C e [9J for review). The 
sharp reflection at 4.7 A of the meridian of dif- 
fraction patterns from amyloid fibrils dearly shows 
that^stranda run perpendicular to the fibre axis, 
indicating that most ppoeein, must undergo con- 
siderable conformational rearrangement upon 
convers,on from soluble protein into insoluble 

X-ray fibre diffraction taken using a synchrotron 
reflation source from a rtretch-frame-aligned sample 
of amyloid fibrils formed from Afll |-25) peptide 

.spadng on the rnendan at 4.7 A is clmV visible [25]. 
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amyloid fibre. Diffraction patterns frorn A#l 1- 
25) also show highly oriented diffraction pattern* 
with a layer-line spacing of 9.4 A (figure, 1), 
revealing that these amyloid fibrils are made up of 
anti-parallel /7-sheet structure [21]. 



Solid-state NMR 

Solid-state NMR provides high-resolution data, 
about the distances between. "C-iabels placed 
selectively in the precursor proteins. These data 
are accurate to appro*. 0.2 A for distances leas 
than about 6 A, although this precision is not 
. maintained for larger disrances. The result is that 
solid-state NMR is capable of accurately showing 
that the structure places the labels in such a way as 
to either be consistent or otherwise with the fi- 
strands in a^-sheet being in register' *nd parallel. 
Unfortunately, if the strands are out of register 
rather than being anti-parallel or if the sheet is 
composed of a mixture of parallel and anti-parallel 
strands, results may be produced that are mis- 
leading. This might explain the wide variation 
in reported results. B&Jbach et aL report [26] 
multiple-quantum NMR and rotational echo 
double-resonance results for A#l6-22), which 
rule out a parallel /f-sheet structure but support an 
anti-parallel structure ; this is also the case for rota- 
tional resonance NMR on A#34-^2) [27], In the 
case of A#l-40), an in-rcgiater parallel /£-sheet 
conformation has been reported using multiple 
quantum NMR [28] and likewise for A0(lO-35) 
by dipolar recoupling in a windowleas sequence 
measurement [29]. It has been suggested that 
different-length fragments of Afi may arrange 
themselves in a parallel or anti-parallel fi^httt. 
A#11-2S) forms fibrils that are clearly anti- 
parallel by X-ray diffraction measurements [21], 
However, it remains unclear how a 40-residue 
peptide can fold into a fibre and maintain a parallel 
jj-sheet arrangement. It is possible that the fibril* 
formed by full-length Afi consist of a mixture of 
parallel and anti»paral)el ^-sheets. 



Electron microscopy 

Electrons interact with matter in a far stronger 
manner than cither X-rays or neutrons. This 
allows observation of single particles without 
requiring a crystalline sample or, as with X-ray 
fibre diffraction, the result being implicitly 
averaged. Unfortunately, this leads to substantial 
radiation damage at the levels of electron flux 



required to obtain good contrast. Staining im- 
proves the contrast but results in the irnags being 
of the stain rather than the protein itself. Shadow 
imaging involves the angular deposition of heavy 
metal ions on the surface of the sample but the 
image is of the imprint of the fibrils in the metal 
layer, so the fibril position is clearer but 'inter- 
nal structure is net observed. For cryo-electron 
microscopy, the sample is cooled to liquid nitro- 
gen or helium temperature to reduce the magni- 
tude of ionization damage and the protein U 
maintained in a hydrated state in ice. Low-dose 
electron microscopy is used to minimize the 
radiation damage to the sample. 

The observed contraat-traosfer-function- 
corrected electron-micrographic image is an 
■pproximation of the projection of the electron 
density of the specimen. Structural information 
can be extracted from the micrographs and pro- 
ceeds via either three-dimensional reconstruction 
of the fibril electron-density function or direct 
visualisation [30]. Fibrils may be helical, so under 
certain circumstances only a single micrograph is 
required for three-dimensional reconstruction 
[31]; however, this requires a single, straightened 
micrograph with sufficiently low noise to be of use. 
Averaging is not trivial since the fibrils often have 
appreciable curvature. One technique is to split 
the fibril into sections approx, one repeat long and 
then apply single>particte methods. This was used 
successfully to examine the protofilament com- 
position of fibrils formed from an SH3 peptide 
[32], This approach revealed that the fibrils are 
elliptical in cross-section and are composed of four 
protofilamcnts. Examination of apolipo protein Al 
fibrils and lysozyme fibrils also reveals structural 
information about varying protofilament arrange- 
ment within a single sample [33]. This method is 
possible when the fibrils show a well-defined twist 
in the images, indicating a long-range repeat. In 
the case of A^ll-25), no long-range helical twist 
is evident [30], However, high. resolution images 
from these well-ordered fibrils revealed striations 
tunning across the fibril image (Figure 2). Fourier- 
transform infrared spectroscopy revealed that 
these corresponded to a repeat distance of 4,7 A. 
which is the hydrogen-bonding spacing of 
^strands. This showed that we were directly visu- 
alizing the £-sheei structure within the fibrils! 
The fact thai this was possible suggested several 
things. First, that the samples are quite resistant to 
radiation damage. Second, that for die structure 
to be visible ai itriation there must be more than 
one l-sheet and the ^-sheets must be arranged 
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Cryo-eJectror» micrograph imafe of Aflll-25) amyloid flbrflt In vitreous 

lea [30] . 

0<*e eafrtnatbn reveals Orations across the (it*. j with a jptclng between Them of 4.7 A, The 
mjet shows' an averaged, enhanced image of Uva ftnjtiom for clarity, 





such that the ^-strands are in direct register. 
Third, that the^-strandi run perpendicular to the 
fibre axis. 



The future 

Bach of the technique* outlined herein provides 
particular date of utility to both the study of 
amyloid formed from specific peptides and the 
field of amyloid structure in genera). They each 
have their own strength* end limitations, whether 



It be spatial resolution, accuracy or specificity of 
urformation. The challenge we now fice is the 
judidous collection of information m such a man- 
ner that the sfcnaJ-to-noise ratio is improved, 
systematic errors accounted for and accuracy 
maintained. This alone may hold the key for the 
bans of an undemanding of the structural com- 
mortalities and differences of amyloid. 

* ^ e S^ tf »«^^a'PPOrtofih e Wellcome Trun and 
help tt European S^Khnrron Radiation Facility. Grenoble. France. 
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and th* UbortfCrfy of Molecular Biology for use of the ayo- 
elaetron microscopes 
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Cholesterol and Alzheimer's disease 
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Maywood, IL 60153, USA 



Abstract 

Accumulation of a 4(M2-amino add peptide, 
termed amyloid-/) peptide (Aj0), is associated with 
Alzheimer's disease (AD), and identifying medi- 
cines that inhibit Afi could help patients with 
AD. Recent evidence suggests that a class of 



Key words : amyloid-^ peptide /-secretase, statin. 
Atfcrevistfpra used: AD. Alzheimer's disease; HMG-CoA re- 
ductase, 3-hydroxy-3 -meihylgMafy <x>A redudase : A/l amyloid- 
A peptide* 

To whom con^pondwe should be addrtiied (e-mail 
bwc(o*®JgmcaoV)- 



mcdicinej that lower cholesterol by blocking the 
enzyme 3-hydroxy-3-mechylglutaryl-CoA reduc- 
tase (HMG-CoA reductaae), termed statins, can 
inhibit Afi production. Increasing evidence sug- 
gest! that the enzymes that generate Af} function 
beat in a high-cholesterol environment, which 
might explain why reducing cholesterol would 
inhibit /^production, Studies using both neurons 
and peripheral cells show that reducing cellular 
cholesterol levels, by stripping off the cholesterol 
with methyl-)5-cyclodextrin or by wearing the 
cells with HMG-CoA reductase inhibitors, de- 
creases Aft production. Studies performed on 
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[34] X-Ray Fiber Diffraction of Amyloid Fibrils 
By Louise C. Sermll, Paul E. Phaser, and Margaret Sunde 

Introduction 

Amyloid is an ordered structure generated by the polymerization of 
arayloidogenic proteins. It is a high molecular weight, insoluble material 
and therefore the atomic structure cannot be investigated by conventional 
X-ray crystallography or nuclear magnetic resonance (NMR). However, , 
information about its overall fibrillar structure can be obtained by X-ray 
fiber diffraction, particularly if high-resolution data can be collected. 

The earliest reported use of this technique, investigating serum amyloid 
A and light chain amyloid, reported meridional reflections at 4.68 A and 
equatorial reflections at 9.8 A. 1-3 These diffraction patterns (Fig. 1) are 
consistent with fibrils composed of polypeptide chains extended in the so- 
called cross-jS conformation, a structure that had earlier been identified as 
a possible conformation for polypeptide chains on the grounds of model 
building by Pauling and Corey 4 and which was described for insect silk « 
(Crysopa) by Geddes and co-workers. 5 The meridional reflection indicates 
a regular structural repeat of 4.68 A along the fibril axis, and the equatorial 
reflection indicates a structural spacing of 9.8 A perpendicular to the fibril 
axis. A 0-sheet structure (or more precisely a $ ribbon), organized so that 
the sheet (or ribbon) axis is parallel to the fibril axis, with its constituent 1 
£ strands perpendicular to the fibril axis, fulfills these spacing requirements 
(Fig. 2). The structural repeat of 4.68 A along the fiber axis corresponds 
to the spacing of adjacent /§ strands and the 10- to 12- A spacing perpendicu- 
lar to the fiber axis corresponds to the face-to-face separation of the 0 i 
sheets. This latter can only occur if the amyloid fibrils, or protofilaments. 
are composed of two or more 0 sheets. Subsequent analyses by X-ray 
diffraction on a variety of amyloids, 6 ' 11 and also by solid-state NMR tech- 
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Fta. 1. Characteristic cross-0 X-ray fiber diffraction pattern. The fibril sample is composed 
of a 10 residue peptide with the sequence of the A strand of transthyretin* which forms 
amyloid fibrils spontaneously when dissolved in water. The fibrils were aligned in a magnetic 
field to improve alignment. The diffraction pattern shows the dominant reflections at 4.7- 
4 A A on the meridian and approximately 10 A on the equator. 



nique$, u have confirmed that the protein chains in all amyloid fibrils have 
a predominantly cross-0 structure. Fiber diffraction data indicate that the 
$ sheets in amyloid probably contain a mixture of parallel and antiparallel 
hydrogen-bonded £ strands. The strong, sharp 47- A reflection on the me- 
ridian indicates that the /3 strands must be perpendicular to the fiber axis. 
A purely antiparallel arrangement of strands would give rise to a smallest 
repeat spacing of 9.6 A. The presence of only the intense 4.7-A meridional 



w J. T. Nguyen, H. Inouye, M. A. Baldwin, It Hetterick, F. E. Cohen, S. B. Prusiner, and 

D. A. Kirschner, /. McL Biol 252, 412 (1995). 
11 C C F. Blake and L. C SexpeH, Structure 4, 989 (1996). 

1Z P. T. Lansbury, P. R. Costa, J. M. Griffiths, E. J. Simon, M Anger, K. J. Halverson, D. A. 
KociskO/ Z. S. Hendscb, T, T. Ashbum, R. G. S. Spencer, B. Tidor, and R. G. Griffin, 
Nature Struct Biol % 990 (1995). 
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Fic. I Underlying structure that gives rise to the cross-0 reflections. On the left, a schematic 
representation of the characteristic 4.8-A meridional and approximately 10-A equatorial 
re&ectioft, which are the two main features of the cross-/? pattern from amyloid. The diagram* 
matic representation of the £-shect structure, shown on the right, indicates the molecular 
spacings that give rise to these reflections. The interstrand spacing in the direction of the 
fibril axis (4.8 A) gives rise to the meridional reflection, and the intersheet Spacing (lo- 
ll A) is peipendicular to this and produces the equatorial diffraction. 

reflection could be due to a predominance of parallel 0 strands or to the 
fact that the 2% symmetry of an antiparallel 0 sheet gives rise to the system- 
atic absence of this reflection. 

Although evidence shows that a residual a-helical structure is present 
in some amyloid fibrils, 13,14 fiber diffraction evidence does not support the 
idea that a helices play a significant part in the ordered structure of the 
fibrils. If the fibrils contained a large amount of an ordered, repeating 
a-helical structure, this would give rise to reflections at 5.4 and 1.5 A, 
corresponding to the helical pitch and rise per residue, and these reflections 
are not observed in any of the amyloid fiber diffraction patterns that have 
been examined. 

The reflections at approximately 4.7 A on the meridian and 10 A on 
the equator are seen in all amyloid fiber diffraction patterns and submit 
to the same interpretation, with some slight variation allowed in the precise 
spacings of the two reflections, to reflect the structural characteristics of 
different amyloids. For example, calcitonin fibrils grown In vitro 9 and insulin 
fibrils produced by heating and cooling the protein under acidic conditions 
both give fiber diffraction images exhibiting strong, sharp meridional reflec- 
tions at 4.76 A and more diffuse equatorial reflections at approximately 
10 A. 6 Purified amyloid cores isolated from senile plaques associated with 

13 J. D. Tetmine, E- D. Banes, D. Eta, and O. G. Gleaner, Biopofymm U, 1103 (1972). 
w K.-M. Pan, M. A. Baldwin, J. T. Nguyen, M. Gasset, A. Serban, t>. Gioth, L Mclhorn, Z. 

Huang, R J. Hettertck, F. E Cohen, and S. B. Pruaner, Proc. Natl Acad Set USA 90, 

10962 (1993), 
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Alzheimer's disease show reflections at 4.76 A and approximately 10.6 A 7 
and prion rods exhibit a prominent interstrand spacing at 4.72 A and an 
equatorial spacing of 8.82 A. 10 High-resolution fiber diffraction studies of 
transthyretin amyloid have mainly been performed on fibrils composed of 
the Val30Met variant TTR. 1115J< Many studies of synthetic fibrils formed 
from peptides corresponding to fragments of the A/3 peptide 17 " 20 and the ' 
prion protein 10 * 21 " 23 have been reported. These have used fiber diffraction 
to characterize the nature of fibrils formed from various fragments 17 " 20,24 " 28 
and to determine the effect of pH, solution ions, and residue charge on 
fibril structure. 1 * 2 * 28 All of these patterns are consistent with a cross-/3 
structure, and the commonalities observed in the meriodional diffraction 
patterns over the medium- and high-angle regions can only occur if all 
of these amyloid fibrils have well-defined and closely similar molecular 
structures. Fiber diffraction data indicate that different amyloid fibrils actu- 
ally share a common molecular skeleton, the "protofllament" core struc- 
ture, which is a continuous 0-sheet helix. 11,29 A model of the core structure 
of the protofllament was constructed using the fiber diffraction pattern 
given by VaBOMet transthyretin amyloid fibrils." This model consists of 
four p sheets, hydrogen bonded in the direction of the fiber axis, with the 
/? strands running perpendicular and the sheets twisting around a central 

" C Terry, A. M. DvnSS, P. Ofiveu-a, M. J. M. Saraiva, L L. Alves, P. P. Cojta, p. M. Ma lias, 

Y. Sakaki, and C C F. Blake, EMBO J. 12,735 (1993). 
lt A. Damas, M. P. SebistiSo, F. S. Domingues, P. P. Costa, and M. J. Saraiva, Amyloid Int. 

J. Exp. Clbi Invest 2, 173 (1995). 
17 D. A. Kiiscbncr, H. Inouye, L. Dufly, A- Sinclair, M Iipd, and D. A. Selkoe, Proc Natl 

Acad. ScL V.SJL 84, 6953 (1987). 
"P. Garevic, E. Castano, R. Sanna, and B. Fraagioae, Biochem. Biophys. Res. Commun. 

117, 854 (1987). 

" P. E. Frajer, J. T. Nguyen, W. K. Surcwiet, and D. A. Kirschner, Biophys. J. 60, 1190 (1991). 
" H. Inouye, P. B. Fraser, and D. A, Kirschner, Biophys. J. 64, 502 (1993). 
"J. H. Come, P. E. Fraser, and P. T. Lansbury, Proc Natl Acad. ScL U.S.A. 90, 5959 (1993). 
" F. TagHavini, F. Prelli, L. Verga. G. Qiaccone, R. Jaima, P. Gorevfc, B. Ghetti, F. Passerini, 
B. GMbaudi, G. Foiioni, M. Salmon*, O. Bugiani, and B. Frangione Proc. NaiL Acad. ScL 
90, 9678 (1993). 
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25 CB. Caputo, P. E. Fraser, I. B. Sobel, and D. A. Kirschner, Arch Biochem. Biophys. 292. ' 
199 (1992). 

*P. E. Fraser, J. T. Nguyen, D. T. Chin, and D. A. Kfrschner, /. Neurochm. 59, 1531 (1992). 

P. E. Fraser, J. T. Nguyen, H. Inouye, W. K. Surewicz, D. J. Selkoe, M. B. Podlisny, and 

D. A. Kinchaer, Biochemistry 31, 10716 (1992b). 
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axis such there is a 15' twist between one strand and the adjacent one (see 
Ref. ll). This underlying cross-j8 substructure appears to be the building 
block of all different amyloid fibrils. 23 r • s 

Several reports of fiber diffraction studies of ex vivo amyloid samples 
have noted the presence of lipid or other contaminants in samples that give 
rise to non-cross-^ reflections. These reflections are usually characterized as 
being of different appearance from the "amyloid" reflections (lipid-derivcd 
reflections are usually sharper than amyloid-derived reflections) and as 
being variable m intensity between one fiber sample and another It is 
also possible to reduce the intensity of the foreign reflections by repeated 
washing of the amyloid fibrils. 2 -" Synthetic amyloid fibrils formed in vitro 
from pure protein components do not exhibit any anomalous or foreign 
reflections. 30 * The presence of lipid in samples most commonly results in 
characteristic reflections at 4.13™ and 2.59 A. 11 Fiber diffraction has also 
been used to study ligand and fibril interactions. Sulfate binding to Alzhei- 
ZZtf PfP^ eriv «* a>rils gives rise to an intense 65-A meridional 
reflection that presumably arises from the periodic deposition of sulfate 
along the long axis of the fibrils. 215 This approach may give insight into the 
nature of binding of otherions and interacting molecules such as Congo red. 

Sample Preparation 

From ex Vivo Tissue Material 

Amyloid fibrilsare usually isolated and purified according to the meth- 
ods of Pras«f «*» and Nelson et ai 33 Lipid can be removed using the 
method of Damas and colleagues," and the salt concentration in fibril 
samples should be minimized. 

From Synthetic Peptides 

Peptides homologous to various regions of the AB peptide w - 34 - 35 islet- 
assoaatedpolypeptidelAPP,™^^ 

« f' Vf Vi *'?'i' ^ tndM: CJ ' w ^Biochenu Biophys. Res. Common, 1*2. 991 (19931 
" L. C Serpell, DPhiL Thesis. University of Oxford (1995) ^ ommm - > yi < IW3 J- 

M. ftjjM. Schubert, D. Zucker-Franklin, A. Rimoa. and E. Frtnklin, / Clin. Invest 47, 

"cXX^ I M B * BU **™- 275, 67 (1991) 

SJoSS * mMQl *' 1 »"* C M «*». <** K. Btyreuther, /. MoL BioLnk, 

l^af:^ ftS^ ° * ■ - d D - B- Teplow, Proc m* 

* S. B. P. Qm S c, B, J. P. Oe Kookg, and A. dark, Biochemistry 34, 14588 (1995). 
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Droplet of 
fibril suspension 



Ro. 3. Stretch frame apparatus used to prepare fibril samples. The droplet of fibril suspen- 
sion is placed between the ends of two glass capillaries, one of which is attached to a screw. 
The capillaries can therefore be drawn apart slowly and in small increments to encourage 
gradual alignment of fibrils as the droplet dries. 



been shown to form amyloid-like fibrils in vitro. Tbe peptides are generally 
synthesized using conventional solid-phase synthesis methods and purified 
by reversed-phase high-performance liquid chromatography (HPLC). De- 
pending on the nature of- the amyloidogenic sequence, the peptides may 
be dissolved in water or in a range of organic solvents. The nature of the 
solvent can be manipulated to control the rate and extent of fibril formation. 
Reducing the rate of fibril formation, or imposing a need for slow concentra- 
tion of the sample, may facilitate the alignment of fibrils, thereby improving 
the subsequent quality and information content of the diffraction pattern. 
The use of buffer solutions should be minimized, as salt crystals give strong 
diffraction spots that can overwhelm the amyloid fiber diffraction image. 

Alignment of Fibrils 

Stretch Frame Method. Glass capillary tubes of 1 mm diameter (Clark 
Electromedical Instruments, Reading, UK) are cut into lengths of 2-3 cm 
and prepared by dipping the tube ends into melted beeswax to form a plug 
in the mouth of the tube of about 1 mm in length. The capillaries are placed 
at opposite ends of the stretch frame (see Fig. 3) and secured with plasticine. 
A suspension of fibrils extracted from tissue or formed in vitro in a buffer, 
of low salt concentration or in water is prepared at a concentration of 
5-20 mg/ml. An aliquot (10-20 id) of tbe amyloid fibril suspension is placed 



17 T. T. Ashburo and P. T. Lansbury, /. Am. Chcm. Sec 115, 11012 (1993). 

38 P. Westermark, U. Engstiom, K. Johnson, O. Westermark, and C Betsholtz, Proc. Nad. 

Acad ScL K.SLA. 87 5036 (1990). 
"A. Gustavsson, U. Engstrom, and P. Westermark, Btochim, Biophys. Acta 175, 3 (1991), 
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between the two capillaries. The wax serves to maintain the surface tension 
on the droplet. The droplet is allowed to dry at room temperature, and 
during drying the distance between the ends of the capillaries is increased 
slowly, by small increments, to stretch out the fibrils and encourage 
alignment 

Magnetic Alignment of Synthetic Amyloid Fibrils. Quartz or glass capil- 
lary tubes (0.7 or 1 mm diameter, W. MiUIer, D-1000 Berlin 27, Germany) 
are treated with Sigmacote (Sigma, St. Louis, MO) or any general siliconiz- 
ing reagent. Initially, capillaries are washed with concentrated HO, water, 
and methanol and allowed to dry (60°), rinsed thoroughly with undiluted 
siliconizing reagent, and dried in an oven at 80-100°. 

A solution of amyloid forming peptide in distilled water (10-20 
mg/ml) is drawn up into a siliconized glass capillary tube to give a length 
of solution of 2-4 mm. The capillary tube is sealed at one end using wax 
and placed into a 2-T magnet (Charles Supper Co.) so that the bottom of 
the fibril solution lies between the two poles of the magnet (see Fig. 4). 
The solution is allowed to dry gradually under ambient conditions of humid- 
ity and temperature. Under some solvent conditions, e.g., with hexafluoro- 
2-propanol present, the sample may be maintained in a humidity chamber 
to ensure that some hydration is retained. When it has dried to a disk the 
capillary tube is sealed with wax. The high degree of orientation introduced 
in these samples often gives rise to birefringence (Fig. 5). 



Fiber Diffraction Data Collection 

* 

Fiber diffraction images from most amyloid fibril samples can be col- 
lected from any in-house source of X rays equipped with a suitable detector 
such as film or a MAR research image plate. However, the information 
content of X-ray diffraction images of amyloid fibrils is strongly dependent 
on relative fibril orientation, and the amount of diffracting material posi- 




Fks, 4. Magnetic alignment of fibril samples. A 2-T magnet is used to align fibrils and 
synthetic peptides as they dry in the field. The poles of the magnet can be moved In and out 
to allow placement of the capillary tube. From Charles Supper Co., Inc. 
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Fig. 5. Birefringence observed is a sample of highly orientated fibrils. A hlgb concentration 
solution of a synthetic peptide is placed in a siliconized glass capillary maintained in the 
presence of a magnetic field and h is slowly allowed to dry as the amyloid fibrils form. As 
the fibrils align, a strong birefringence is observed in the specimen under cross-polarized light.- 



tioned within the X-ray beam and fibril samples from ex vivo sources tend 
to be poorly aligned and may only exhibit the strong 4.7-A reflection and 
diffuse 8- to 12-A reflections with in-house sources. High-resolution data 
from these relatively poorly aligned samples will only be obtained from 
the high brilliance, coherent beam lines available at synchrotron sources 
such as Daresbury, United Kingdom (http://www.dlac.ulc), the ESRF in 
Grenoble, France (http://ww.esrf.fr), and APS/Biocat at Illinois Tech. Air 
scatter may also pose a problem with in-house sources of X rays, which 
are usually generated from Cu Ka rotating anodes and have a wavelength 
of 1.5 A. The use of X-ray beams with shorter wavelengths at synchrotrons 
removes this problem, which is particularly advantageous for the collection 
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of low-angle data. Alternatively, a helium chamber may be fitted between 
the specimen and the detector to remove air-scatter problems. 

Data Interpretation 

Amyloid samples are usually exposed to the X-ray beam with the long 
axis of the fibrils more or less perpendicular to the direction of the beam. 
The X-ray reflections are then distinguished by their direction with refer- 
ence to the fiber axis and their distance from the center of the partem: 
meridional reflections are defined as those lying parallel to the fiber axis, 
whereas equatorial reflections are those positioned at right angles to the j 
fiber axis. If the long axes of the individual fibrils within a bundle of 
fibrils, or the bundles themselves, deviate from the mean fiber axis, the 
corresponding reflections will be drawn out into arcs whose angular disper- 
sion is related to the relative dispersion within the fibrillar bundles. In the \ 
most extreme unaligned case, where fibrils lie at all possible angles, the 
reflections are drawn out into complete rings, giving no indication as to 
whether they are meridional or equatorial. Although it is advantageous to 
obtain diffraction data from well-aligned samples, all that is required in 
the first instance is for the meridional and equatorial reflections to be : 
separated, having arcs as opposed to rings. This should be possible for most 
amyloid fibril specimens. 

Data can be viewed using programs such as EPDISP, 40 Mosflm, 41 CCP13 j 
program FIX, 42 Profida, 43 and others. For partially aligned diffraction pat- \ 
terns the first step is measurement of the reflections on the meridian and ; 
on the equator. The presence of reflections at approximately 4.7 and 10 A j 
that are characteristic of the cross-jS pattern is obviously essential. The j 
presence of a 2.4- A reflection on the meridian is common when the sped- \ 
men diffracts well, as this is the harmonic of the 4.7- to 4.8-A reflection. J 
Measurement of other reflections on the meridian will allow indexing of 
these reflections to a unit cell, which is basically the smallest common factor 
of all of the reflections. In the case of TTR amyloid, 11 115.5 A was found 
to be the repeating unit. Following this we found that many other amyloid 
fibrils diffraction patterns show the same repeating unit 29 Interpretation 
of equatorial reflections is more problematic and requires more in-depth 
study. When amyloid samples produce X-ray diffraction patterns with a 

40 CCP4-CoUaborativo Computational Project Number 4. Acta Cryst D50, 760 (1994). CCP4 
httpygserv.dl.acuk/CCJVCCP4. 

41 Mosflm, contact A. G. W. Leslie, MRC Laboratory of Molecular Biology. Cambridge, UK. 
4J CCP13 http://wserv.dI.ac.uk/SRS/CCP13. 

41 M. Lcienz and K. C Holmes, /. AppL OystaBogr. 26, 82 (1993). 
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range of well-defined equatorial reflections, it is possible to analyze the 
substructure of the fibrils further to gain insight into the arrangements of 
protofilaments. Burge 44 - 45 has shown that a short-range order in bundles 
of filaments gives rise to a series of "non-Bragg" reflections whose spatings 
are dependent on the center-to-center separation, a, of the filaments in the 
bundle. For filaments in contact, the value of a corresponds to the diameter 
of the filament The center-to-center separation of fibrils may be influenced 
• by sample preparation; dehydration of samples may distort the native pro- 
tofilament packing observed in cross sections of embedded fibrils and give 
rise to different lateral organization of protofilaments. Use of the technique 
on the VaBOMet transthyretin amyloid fibrils from familial amyloidotic 
polyneuropathy" gives a diameter of 64 A for the protofilament as com- 
pared to approximately 60 A from election microscopy. 46 

When a highly aligned fiber diffraction specimen reveals a well-oriented 
pattern, the CCP13 program suite 42 can be applied for indexing, profile 
fitting, and integration of the diffraction spots. For example, magnetically 
aligned Afi peptides revealed extremely well-oriented fiber diffraction pat r 
terns with Bragg spacing along layer lines. 20 Inouye and Kirsehner 23 have 
analyzed these patterns in detail, along with fiber diffraction patterns ob- 
tained from prion-related fibrils. They have identified so-called "beta 03) 
crystallites," which constitute the protofilaments, have determined unit cells 
for these crystallites, and have studied the close packing of the protofila- 
ments in the fibrils. 23 - 47 Given these very well-oriented patterns, it is possible 
to estimate particle size by measuring the breadth of reflections. This has 
been achieved for PrP synthetic fibers 23 from which a measurement of the 
width of an equatorial reflection at 9.04 A of 0.02274 A" 1 corresponds to 
a coherence length of 44 A (see Refs. 23 and 29). 

Concluding Remarks 

Use of fiber diffraction has shown similarities in the core structure of 
amyloid. Further improvements in the alignment of fibers, using magnetic 
fields, could lead to more detailed models of fibril protofilament. Informa- 
tion to be gained by use of this technique is limited by the rotational 
averaging that occurs and which has the effect that data can only be inter- 
preted to the level of the ordered backbone structure. Details of side chain 
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packing can only be obtained from specimens that exhibit the preferred 
orientation of fibrils, with ordered three-dimensional packing of the constit- 
uent molecules, and therefore give rise to single crystal-like diffraction 
patterns with Bragg reflections. These relatively ordered specimens are the 
exception and are unlikely in disease-state amyloid samples. However, the 
combination of molecular spacing data obtained from X-ray fiber diffraction 
patterns, with phase information from electron microscopic analysis, now 
promises to yield important insights into the structure of amyloid 
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[35] Solid-State Nuclear Magnetic Resonance of 

Protein Deposits 

By David Wemmer 

The central problem in applying physical methods to the study of protein 
deposits is the intermediate degree of order. The molecules aggregate 
into assemblies sufficiently large that the overall tumbling correlation time 
becomes very long, making normal "solution" nuclear magnetic resonance 
(NMR) line widths very large. However, the long-range order is not suffi- 
cient to give high-resolution diffraction data, although fiber diffraction i 
• data have been very useful in understanding the basic features of amyloid 
aggregates. Spectroscopic methods such as Fourier transform infrared spec- 
troscopy (FITR) can be used, but cannot generally give accurate structural i 
information, especially on a site-resolved basis. One of the few methods 
that can still be applied, and can yield detailed local structural information, 
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(20) prioatu. the feasibility of tfie recndtm«nU^«atniboii h^^w^pjuol and worsted under an argon steam, traco 

mechanism (21, 22), and the ability of short poJy-CHn eeauences velatae aokants ware removed under high vacuum, and the peptide 

to influence the nuclfiation of long poIy*6ln repeats* in diseases residue was ditSBlvad in S mM NaOH followed immediately with the 

such ai Huntington's disease, the specificity of intracellular Edition of a 10x PBS byflfcr to generate lx PBS plus 0.05% sodium 

protein aggregHtioii (24), and the better undentaiiding of tha JST* ^'i^ 0 * 4 

mechanism of amyloid enhancement factor in theXsk mmiae 212^ 

«. ■ vioMjc www tant wis carelu J J j removed and tttaljsed fcr A0 ocmcentra turn by ttFLC 

amyloidom. modal (25). Promiacuona cnwMaadlng among a* described ebro (generally about 60 mm). Solution* were used imme- 

amyloid fibrils would suggest the poeeibiUty that one amyloid diatejy to conduct ttiwtio* aaepazimaiits (described below) or to make 

disease might influence another. For example, because iht vast MotoL FtfarQs wart mads by spontaneous fibril assembly torn dlsag* 

majority of type II diabetes patients have pancreatic amyloid ^* tt * 4 moncttario P«Fl*k « described nwrvioualy (&3). For soma lsas 

depodts composed of islet amyloid polypeptide (26) and be- 5ta ^ e J??*** of fibril formation reactions wars 

mhba tapp ot^ lAfl owl !SZL - ? T. > conducted at higher concentrations of numomerk peptide <4X flDril 

SlJK^iA ^^TS.* - ^^ fenaatW^tio^Twoe monitored by MtaJEarf^S 

■Haaulta"), it nnght be poeeible that eras-seeding of A0 amy- yaii of centrimgation supernatant* by HPLC. 
laid formation by IAJPP fibfiU ia the mechanism by which Human UP? waa aaluUKiad and disaggtegatediismf al:lmi«turf 

diabetics appear to exhibit an elevated risfcfor developing AD °* trifluoroaootia aflid/haxaflnnmUopropanol (34) as pravimiily da. 

(27). eeHbed tteaggregaied IAPP (about 30 m*) wjj used immediately 
To teet this latter hypot^eais. wa studied the abihtiea of A* 

and IAPP fibrila to act as aeeda fbr the elongation motions of feaTS^Lf^ ^T^H^t P ^T^ 7 

Aft mt , A iapp mAT , Am ^* ^_.«m jTT^T d ** m0ad -reparation of reduced and alkylated ovalbumin 

A0 and IAPF monomene peptides. We uaed the pseudo-firet (ovamtinmvSA) waa cfcasribed pr«vlo«sly (33). 

order elongation kinetics in two separate aaaiy mode* aa mea«- T\>impr^ seeding potency (ll)aiid potent^ normalize fibril sua 

urea of relative eeediug abilitj. To put thaee reevlta into context sL uggrBgatM wsts sonieaUd with a probe fionicator oa ic9 {vr 23 min 

we also snrveyod a broad spectrum of amyloid fibnle aa seeds m 304 ^Jf^ {fi raaA e«atai&i»g l mif d^thiothndtol (a precaution 

fbr Afi elongntian. T%b results show thst in general saadW of ^ a ^ at ^T*^ 1 Jkwwer. we have no evidence that oxidation occurs 

pouit mutations at certain posltlona in the amjioidogenic pop- abont Afi fibril strootuta (see -Results" and <Discusrioa") suggests that 
tide. IAPP fibrils prove to be very poor seeda fbr A0K1-4Q) die sonication step does prodnoa {Dzril« with very similar avenge mo* 
elongation, suggesting that hatcxologoue seeding of amyloid kcular weight*, which can therefore be asnimad to have approximately 
formation probably does not influence AD risk in diabetica. * Am * nwbac of gwth sites per weight of SWL Recent experi- 

mental titration of fibril growth *fc*s mrther supports this aenmip- 
BXPG&UM&ifrAtPROCEDtmBS tion -* h»idal lAPr* aggregates from spontaneous aggregation ezperi- 

mntontt F4P, IMP. tad UTPmti obtained ftm, ihft Sbmlted UaW *W COftdnCUd a*ii>4r r*Imti»«ly hi^j caocentwbont of pQcid. achif 

T^we^ee Gnrfuatc School W WlK. ZSfiafittJE FS*?**"^^ 

of cyntlurtk Gh,. and Ola,. pohEhtaminA jMptidM (28) werrS^ed ^™ "T» "f 70 ^ tun. 0. Basedow were Allowed 

toiltorS (Unlv^hrfT^^i fStfUMI School rfifadi 5" Mm0T,nf S?"* K*"*! bW WP««io>" manuring ThT 

UreSpUISJwtttSift. of KiiBberfey TsyJor end Reed WSrSSS I^vl^fi^.Kl "^^^^T^ 

laMbttn of Health). Bovine eollaeen and hmn. ^rwn albuun (» !T*fiMbZf ^5? V rfthe «»«P>etciiet. 

OtntiallT fttfr arid fi») «n pmaated from Siaw. N^ermfai^o* 2.!?-^ whan appropriately plotted, will 

nrl.Ud A^I-40) w«, P «iJ»dX^S ^ "wW^aX ^ .T! 1 ^ fc *f PM««^&* order »te constant (37). 

(Polyrttyltno oii<toMo<Jc«i^ bloto (K^aSX^. Z^%rJ!$Z^ ^^^1^^.^"^ **** ' 
ofa&alTtieeleiHde. ^Aj.wwqwu™™ iwS.^T^f ^ m ? difi f J ^ P^«w)y de^ixxi ^.tK- 

wen ertumaed from peek aim eftheX„, ita«!«S^ln^Itat: """^Vitewatil PrtotdwH") we. duanreeatea\ dittolntd et » 

^ta^n^oJiZSK^ZX M^a*««> lio^d oitrogen. «d rtored at - 80 'C. 3oni^ fiWs „ 
»n«ly»iji, u da»aib»d previouily (SO). Bevnie phase HH£ w&tc&rritd ^^^T* 18 ^ wtE » ^ Woub.bDff 100 

Ott on e ZOHBAX S^C3 eolumo <A«ilent T»«hnolo«i«) with • l-5ift if5!?L ^/«Ki w ? p ^ , S. rf iOWBU* (U 100 n« of aggrefiaW 

n>TfluortieaBM roauwemenU werearAd P ^ J t ^^Vr^. CotUr ' Afl " rt *- Ga)- «>- weiu were then 

«t by d>hrtb4 afio^ot. of the reeion^o^fiS&T^T ^? 0.05% Tween SO (Fieher) (aetay 

TO«ni^?f)imiCCM«w»«tbe» " the atandanl weshing proeedurt carried out throughout 

nod flurMiaw- .mWoo at 4B3 am. Uafca otherwiae indicated. HI ^J^Pf^ 061 ^ Jo ensure that aggregation rates are art apiificanlJ> 

affKted by ranahle efficieodet of aeeregato adneeion to the plaetie, we 
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! Pm, 1, Sequence alignment Of IAPP 
And AB-(l-40). The sequence align- 
ment oflAPP sad AJH1-40) waft earried 
out with the program ALIGN (SB) avail- 
able at www.ch,embnet,orayeoftware/ 
lALIGNjOTm.btml. Lints indicate exact 
Biatche*» and daehea indicate chemical 
similarity, the region of A0-(1-«O) 
bum to be involved la the H-bonded 
core (4, 28, 50, 44) iff indicated Wow the 
alignment 
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confirmed food Immobflizaiun by recovering unbound protein from the 
jrdb as pan of tht "ash protocol and estimating the amount of &o&' 

Sorb** protein uain£ a protein mu; (83). In all ess** mere than &5* 
be affrtgaifi remained on the plastic. WeHs were blocked with 1% 
BSA in PBSA (btockii^ buffer) for X h at ST *C % than 100 nl of assay 
bufier was added into each wall, and the plate was seeled with an 
adhesive overlay. 

For the aaeay, the microtfter plate was pi^eqvdHbraUd at 37 *C. the 
kinetics data ware collected by determining individual time points in 
reverse tampon! order. Tot each replicate series of each eoalyaia on the 
plate, a 100-/U aliquot of a 25 oM oohxtioa of biotlnyl-A0 in aaaay buffer 
><raj added to a well by frit rumoring the MssybuJfer in which the wdl 
wm stored* This constitutes the longest tune point of the kinetics ran. 
TU plots wee fvjaaled and returned to 07 f C uwubstion. At the appro- 
priate time, the plate wm again removed, and the storage bunV was 
^amoved from the wells donated for thie tone point azid replaced with 
freeh eHouots of biotinyl-A0 solution. This proceee was repeated until 
the la*t incubation, constituting toe earliest time point, was cvBipletedi 
jAftcr'the last ineramansal incubation fln- the kinetic* the pinto waa 
Removed from 87 *C incubation and washed with essay buffer, 100 pi 
iva* e^lad {mt well of a 1:1000 dilution of a eriropi\inv<treptavidin 
conjugate (FerkinBtmer lift Science*) in blocking batter c o nt ain in g 
0.05% Tween 20 t and the plate was incubated at room temperature for 
1 h. The plate waa then washed 3 timea, and europium waa released 
'from the microplate well surface xaang 100 pUweU of chelation bufier 
^cdianeenieat Solution, PorkixiEhner Lift Sciences), After 10 min eu* 
iropdum waa mcssored by timcHreoOlved flnoromctry (40) in a Victor" 
jl430 Multflibel Counter (Perkin&uasr Life Sciences) using the pro- 
grammed parameter? for europium* fool of europium «ere determined 
jfrom a standard curve and converted to final of biotin using the stated 
[europium content of the commerdal strcptavidiu reagent. 
. Congo Red Stoinifij end Birtfli'i&'K* °f IAPP Aggngom Congo 
.rod staining of segregates wee carried out using a modified version 
{(Sigma: procedure HTG0J of the protocol of FVCbtiar tt of. (41), For each 
'experiment 90 pi of freshly prepared IAPP aggregate! (about 0.2 mg/ml) 
;waj dried to a aUai microscope slide OTiraighc at 87 a C and then Congo 
red-fUined. Birefringence waa dvwrmiaed with an Olympus micro* 
j scope (20x) equipped with a pnlarmng stage. 

Electron Micrograph*-*Aggt*g*bu (0,1-0,4 mg/ml) were adsorbed 
•onto carbon and ForaYSX<oited copper grids and then negatively 
'stained with 0*5% Ufinyl acetate. Stained sample* ware sraimnftrt and 

• photographed in a Hitachi H-800. 

RESULTS 

j Sequence Similarity between Ap and ZAPP— The A£ peptide 
•is derived from the proteolytic processing of the cross-niem- 
ibrnne region of the receptor-like, type I erneMaembreuie pro- 
•tcin amyloid^ protein precursor (42), IAFP. or amylln, is de- 
! rrved from the proteolytic pT009$eing of a propeptide and 
.appears to play a role along with izuulin in the regulation of 
•glucose metabolism (43), Despite the absence of a larger se- 
quence) homology between their precursor proteins and no ob- 
j vioua relationship in known function*, the mature peptides A0 

• and IAFP hare wry etoilar sequences, as shown in Fig. 1. 
'After introduction of a i-reaidue gap in Afi to maximize the 
alignmffnt, the 2 peptides overall share 25% sequence identity 
and 50% sequence similarity (Tig. J). When the overlap region 
is confined to that portion of the Afi sequence, raidaefi 10-97, 
known to be involved in the H-bonded core region of the amy- 
lold fibril (4, 44), sequence identity jump* to 89%, and sequence 



of the WT Aj9 sequence is compared with the sequence of the 
S20G (A£ position 25) single point mutant of IAFP, aoaodated 
with both early onset diabetes (45) and enhanced amylotdoge* 
nicity (46, 47), the extents of identity and sirnilarity climb 
ftxrthtr to 43 and 70%, reepectively. 

This striking similarity introduces the questions of whether 
these two highly sunyloidogeniO peptides nae their shared se- 
quences in similar ways to engage the amyloid folding motif 
and the extent to which they might thereby exhibit specificity 
in amyloid formation as measured by their sensitivities to 
heterologous seeding. The hypothesis that the shared sequence 
element is involved in the core structure of amyloid fibrils from 
both peptides ifi supported by the sharp reduction in amyloid 
growth observed when proline residue* are substituted within 
this region in both A£ (4) and IAPP (48, 49), Given these facta 
it is not unreasonable to suppose that a growing AJ9 amyloid 
fibril might be able to relatively easily accommodate IAFP 
molecule* into the fibril structure. 

It should be stressed that, although the sequence similarities 
discussed above are in a structural sense undeniable, we infer 
no significance to this similarity outside of the context of amy. 
loid formation. That is, it is highly unlikely that that* se- 
quences share a cemmnn precursor in evolution and there is no 
reason to believe that their common sequence elements arc 
associated with any similarity in the normal function of these 
polypeptides. 

Growth of IAPP and Afi Amyloid by Spontaneous, NudeatUm- 
dependent Polymerisation and by Homologous Seeding— The 
spontaneous* nuolsatlon*dependent amyloid formation reaction 
by IAFP it complicated by the existence of two amyloid-related 
products, The (tat»fcrmed product in the unseeded motion 
consists of clusters of spheroidal bodieB (Fig. 2A) that, despite 
their non*fibrilJar morphologies, exhibit in our hands a number 
of other amyloid-like features. Ine&e include the ability to be 
labeled with the amyloid-selective (41, 50) dyes Congo red (Fig- 
2, G and H) and thioflaWn-T (see below). Their structural 
relationship to the classic amyloid fibril is also suggested by 
their response to<sonication, which generates from these glob- 
ular aggregates clusters of small fibrils (Fig. 2, B-fi). When 
these initial globular aggregates are incubated in PBS at 37 *C 
for 2 weeks, they transform into short amyloioVKke fibrils (Fig. 
2, E-P). Although related phenomena have been reported pre- 
viously (51), the exact relationship between the aggregates 
shown in Fig. 2A and previously described aggregates is not 
clear, as d i s cu sse d below. 

The kinetics of formation of these initial, globular aggregates 
from rigorously disaggregated IAPP exhibit a profile similar to 
that fbund for many amyloid fibrils, consisting of an initial lag 
phase followed by a rapid growth phase terrniriating at a plateau 
where fibrils and monomers exist at equilibrium (Fig, 3). Like 
amyloid fibrils, the growth of these globular aggregates can be 
conveniently monitored by their ability to bind to the dye thio- 
fiavin T and alter its fluorescence properties (Fig. 3). Unlike 
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Fto. 2. Micrograph! of IAPP aggregate*. J^K electron micro- 
rr** * rTAg * a fr-rr*— *~ rpntmiTTmi em-nth nf rnimriiri TrtPP 
solutions. A, initial aggiegate famed within 6 h> 3-D, product of 
sonfcatiOA Of the initial isnffitt. £ and F, product Of incubation of 
initial aggregate in PBS at 37 a C fi> 2 weeks. What* multiple taagas 
an shewn tor too tame preparation (B-D), it reflects thartnge of imasa 
types renrosented among (be gride; correspondingly* whan only oat 
imago li shown fcr a preparation, only one image type wu ocesrni (? 
aod B, polarised light Hkrueccpy of Congo rad'Staised IAPP aggre- 
gate*. Fresh IAPP aggregates, stained and visuellntd a* described 
undar 'Experimental Procedural*" hoflwe (O) and after Qi) aanicatkm. 



opmcnt of theee ThT-pOaitive structure* is very aggressive, ao 
that even after a rigorous disaggregation protocol designed to 
eliminate all tracei of seeds from tiie peptide (see "Expetimantal 
rT0eaduree , 7. tbt lag phase is only 2 h. Other workers find 
essentially no lag phase on mcubafaonof IAPPAtneutralpHflfld 
describe an initial amorphous product that appears to be some- 
what different than the one described here in that it gives a 
relatively low IhT signal that has been attributed to small 
amounts of fibrils in the preparation (51): these differences may 
have to do with differences in disaggregation protocols and/or 
incubation buffers. 

Interestingly, both globular and fibrillar IAPP aggregates 
ere equally effective seeds for IAPP elongation, aa judged by 
ThT kinetics, in that thay eliminate the 2»h lag phase of the 
unoeeded reaction, when added at B% by weight of total mono- 
mark IAPP ift the reaction (Fig. 3). As judged by the morphol- 
ogies of the products of elongation, however, different IAPP 
seeds produce different results, lbe elongation of IAPP seeded 
with fibrillar IAPP a* gregatee (Fig. 2» E-F) produoee what 
appears to be a homogenous fibrillar product (Fig, 41). In 
contrast, the elongation of IAPP seeded by spheroidal IAPP 
aggregates (Fig, 2A) genera tee a mixture of aggregate type*, 
including some fibrils. Interestingly, some grids In the EM of 
this aggregated product exhibit structures that give the ap- 



Time 0») 

Ftc. 3. IAPP afpwgfct* growth with and without seeding. Dis- 
aggregated lAPp (-30 mM J wu incubated without (0) Or with (□ and A) 
sonicated iwtates UQugfaL or 8% by weigit of monomer in anlu- 
den). A r spheroidal IAPP aggregates as seeds (A> f B, fibrillar IAPP 
sggiegates as aeads O ft pseudo-first order kinetic* plot? 9f seeded 
elongation data tern A and B, 

pegate aeede (Fig. iF), but further studies would be required 
to confirm this interpretation. 

In contrast to IAPP, rigorously disaggregated A0-U-4O) in- 
cubated at QO u*f in PBS at 37 "C typically exhibit a leg phase 
of 3-7 days before aggregation begins (16). Seeding such reac- 
tions with preformed Afi amyloid fibrils reduces or eliminates 
this lag time in a dose-dependent manner (IS), Fi$\ 6 shows 
that a solution of 80 /j* A0-U-4O) under these conditions 
exhibits no Indication by TWT fluorescence of fibril formation 
after 2 days of incubation. However, when an equivalent solu- 
tion is seeded with 10 /igfal A£<l-40) fibrils (-8% by weight 
of the monomelic A0-U-4O)), the reaction exhibits rapid fibril 
growth with no lag phase. 

Heterologous Seeding of Afi and IAPP Fibril Formation— 
Because seeding effects on the length of the lag phase are 
qualitative, non-linear with dosage and cannot be easily mod- 
eled mathemotically, we chose to compare homologous and 
heterologous seeding effltieneiee where feasible by comparing 
the peepdo-first order rates of fibril elongation reactions seeded 
at levels sufficient to eliminate the lag phase. Such elongation 
reactions are conceptually simple, with rates dependent on the 
concentration of monomerSj the concentration of growing eade 
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FSC 4, Electron tMierogrephs of the product* of various seed' 
ing reactions as described und*» "Results.* A, IAPP monomer 
seeded with IAPP amyloid fibrils. 3 and C. IAPP monomer seeded with 
!*Xl-40) fibrils). A A/Kl-40) jncnomer eeedid with A041-4O) fibrils, 

A£(i-*0) monomer Seeded With IAPP amyloid fibrils. J? IAPP 
monomer seeded with iphtrpidtl IAPP aggregates, Imagv ttlecdfla If 
aa desczibod in legend to Fig, ft. 

flmylcndogeoic peptide sequence and reaction C6aditiOa& (97). If 
secondary nucleation events (63) are negligible under die typ- 
ically heavily seeded, rapidly completed, reactions, the concen- 
tration of fibril-growing end* does not change significantly 
during the courae of the reaction, and the reaction appears to 
be pseudo-first order, with the unchanging concentration of 
fibril ends incorporated into the peeado-fint order rate 

To assess the relative seeding »fflrflf1fi of varloui fibril* on 
IAPP elongation, we added equal weight concentrations (10 
jig/ml) of amyloid fibrils of IAPP (ie. bona fide ShrUa horn 
aged sample; eee above), A4M1-40), and A0«l-42) to diaaggro- 
4* ted monomelic IAPP, As can be seen In Pig. 6A, all three 
amyloid fibril* are equally effective at eliminating the normal 
2-h lag phase of this reaction. Fig. $B show* the peeudo-first 
order rate plot for the growth of amyloid fibrils a* asaeesed by 
{he increase in the thioflavin T eigxial, and Table I sumnwizes 
the rate constants derived from the kinetioi analysis. Table I 
ehows that A£<1-4Q] and AJW1-42) fibrils give essentially 
identical rate constants in seeding IAPP elongation. Fig. 6 and 
Table I also show that both A0 fibrils ae well as the initial, 
globular IAPP aggregates are all quite similar to authentic 
IAPP fibrils in their abOitiee to eeed IAPP elongation. loose 
data might luggeet Oat the strong sequence similarity be* 



5 10 15 20 25 30 35 40 
Time(hro) 

FiO. 0, AJHl-40) fibril growth, plotted by tUenavitt T signal 
(A) and by a first order kinetics trvftteent of the ThT data <BU 
DliaSgngiUed A£<l-40) (30 |Uf ) was incubated elO&e <•) or seeded 
with various sonicated aggregates: A/Xl-dQ) flblUl (10 Metal, Qfc 
initial, globular IAPP aggregate* (A, 10 jigbnli a, 70 ttgfal), or fibrillar 
IAPP aggregates Ca\ 10 pgfal; Q 50 m^pMX The dotttd lint in pun// 5 
fhowa the iiutiaJ rite ef the elongation reaction seeded with 50 jt^ml 
IAIV fibrils.^* slope o/ihianae fa 6.S times the slope of the fit for the 
■lengatton reaction with 10 paAnl IAPP fibrils compared with the 
txpected ratio of 5, based oa the relative mass of IAPP fibril seeds. 

hence, seeding properties. However, ae will be seen below, such 
equipotent seeding efficiencies are unusual even for fibrils from 
peptides differing by only one amino add and may, therefore, 
be a special case for IAFP aggregation. 

Fig. 6 ehows the abilities of various aggregates to seed elon- 
gation of A0-(1-»4O). In contrast to the potent ability of A/Ml" 
40) fibrils at 10 «Tml (7% by weight) to eeed AJ3 (1-40) elon- 
gation, globular IAPP aggregate* (Fig. 2A) are completely inert 
at stimulating A/Hl-40) elongation, even at n concentration Of 
70 Mf^l (about 50% by weight of the solution phase Aj3). 
Although perhaps not surprising in isolation given the flon- 
fibrillar morphology of the aggregate, this result was somewhat 
unexpected based on (be potent ability of the same IAPP non- 
fibrillar aggregate* to seed IAPP elongation (Pig. 3A). Pig. 5 
also shows that IAPP amyloid fibrils (Fig. 2, B-F) are good 
seeds of A£-(l-40) elongation, albeit much less efficient than 
are Afi fibril eeed* for IAPP elongation (Pig. 6). The peeudo- 
tot oxder kinetics plots in Pig, SB show that a concentration of 
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HO detectlble seeding ability despite being excellent seeds i 
IAPP aggregation. This lack tf reciprocity cannot be attribut 
to differences in the average molecular weights of the fibh 
used as seeds, since the same fibril preparations were used 
all experiments* The key to this lack of reciprocity may ! 
related to the different degrees to which the structures 
aggregation products resemble those of the aggregation see 
CPige. 2 end 4). The tendency of IAPP to form an unusoi 
initial aggregation product complicates the interpretation 
these results and suggests that the apparent lack ofreciprod 
in seeding may be a special ease mechanistically linked to tl 
diverse morphologies of IAPP aggregates. 

Important subtleties of the elongation kinetics shown in Fi 
6 are (a) the modest upward Curvature in the pseudO'first ord 
plots for A0-U-4O) elongation seeded by IAPP fibrils, whe 
dramatic upward curvature might have been expected, and ( 
the significantly Higher ThT value at the plateau of the ; 
pgtal lAFP»saeded reaction versus the A^seeded reactk 
These issues wiB be considered under •'Discussion * 

Seeding Efficiency Quantified in « Microti tv Pl&U Shn$ 
Hon Assay— The solution phase, ThT*based assay describ 
above is robust but relatively jneteriaj»intensfve. We exnlor 
the ns« of a microtiter plate elongation assay, adapted trc 
previously described assaye (8B, 53), 40 a convenient alters 
tive method for comparing seeding efficiency. In this assay 
small amount of fibrils immobilized non-covalently on the n 
cretfter plate well serve as a seeding support for elongation 
an N-tennmaHttotinylated derivative of A0-U-4O). T 
amount ofbiotln immobilized via A£ elongation is quantified 
time-resolved fluorescence of europium ions introduced vie 
complex with streptavidln; this assay approach has been w 
documented In application to polyglutanime aggregation (& 
Fig. 7 ahowi the results of using this assay on immnhilis 
APtt-40) and IAPP fibrils. Panel A shows that although t 
homologous elongation reaction of A0-U-4Q) is quite efficiej 
the elongation of solution phase A0 onto immobilized IA] 
fibrils ia almost negligible. Panel B shows an expanded set 
version of the weak responders from Panel A. It can be se 
that despite their low response* IAPP fibrils also give a line 
response of final of IAPP immobUized per unit time, ftemai 
ably, the relative seeding efficiency of IAPP fibrils, as dett 
mined by a coinparxson of the initial rates of elongation in t 
microplate assay, is very similar to their relative efficiency 
the solution phase ThT assay (1.1% versus 2.2%, Table I 
Similar good agreement was also obtained for other amyle 
fibrils as well as a collagen control to assess the stimulate 
efficient than the A0 fibrils at supporting elongation; the ratio of non-amyloid fibrous proteins when used as seeds a 

of these rates at identical weight concentratLons of seeding assayed by both methods (Table ID. This good agreement st 
fibrils gives a relative efficiency of IAPP seeds, compared with P 0 *** ^ e contention that both assays monitor the same func 
A0-U-4O) leads, of 2.2* (Table ID, Although quite low, tbB A0 mental process and suggests that the microplate assay can 
elongation rate for IAPP seeding is dearly above the back- to routinely determins relative efwting efficiencies, 

ground when collagen, s fibrous protein exhibiting quite differ- Encouraged by the excellent agreement between the 
ent mcand&Ty structure from amyloid fibrils, is used as a feed widely different assay approachae, we used the more convc 
As expected, FSg. 5B also shows that seeding efficiency in* lent microplato assay to assess the ability of a wider range 
creases as the mase of IAPP fibril seeds increases; although amyloid fibrils to serve as a seeding support for A0-(l-< 
complicated by the non-linearity (see •Discussion"') of the ki- elongation. First, we studied A0-U-4O) elongation on a ser 
netics in the more heavily seeded experiment* the initial rates of A0 mutant fibrils, including amyloid from A/H2S-35), A 
of these two reactions, which differ WWd m seed concentration, (1-42), die E22G Arctic (54) mutant of Ap-U-40), and a seri 
differ themselves by about 5-fold, as expected. of single point mutants of A0-U-4O) substituted with prolii 

Theae solution ghase-eeedine experiments indicate a sur- All the fibrils were sonicated before plating on nncropl* 
prising lack of reciprocity in the crnes-eeeding reactions. Al- wells, and it was confirmed that >95% of the fibrils stuck to t 
though AcMl-40) and both types of IAPP aggregates are es- wells. Table II includsc the results of these elongation reactk 
eentlsJly equally effective seeds for IAPP elongation, only A0- compared with wild-type A/j-(l-40) fibrils. The results india 
(1-40) !■ an efficient seed for A£-(l-40) elongation, IAPP that even tingle point mutants of an amyloidogenic peptide c 
fibrils exhibit 2.2* of the seeding efficacy of AjS fibres on a produce fibrils that are measurably imj>aired in their abilit 



Time On?) 

Ftc 6. Time course (A) and pseudo-first order kinetics plots 
CB) of IAPP fibril growth without (O) and with (A, A, and □) 
seeding; Disagexegated JAPP (&0 m**) was se*U with eometted amy- 
loid fibrils oflAPP (□). A^l-40) (A), or (A), 

Tabu I 

IAPP cbn&itian rata ftr motion* Hided With micm s aggregates 



Assnemte w wtd 




Rotate Mattes; 




*- J 


% 


IAPP fibrils* 


0.004 ±6.05 


100 


UF7 spheroids* 


0466 ± O.0B 


ISO 


Wild-type A/Hl-40) 


0.940 * 0.16 


117 


Wud-type A/Wl-42) 


1.01 x 0,00 


1*6 



' Vsloas ere from pseudo-first order fits of the dmti thowft in Rga, 3 
and a 

* Aggregate* from intubation of initial IAPP agsngatai for 2 weeks 
*t37*C, ss described uncW *Ratu)ti * 

c Initial mmvgatBB from spontaneous IAPP sexregition, ss described 
under TtefUlti. 
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Tabu n 

8*$d$d eion&twn ofAp*U~40) 6y f*/ufcc« pha$$ wd micnplqte way* 



Folymtfw 




A^(1-40XF4P) 

A^l-40XK6P) 

A04L-4OXL17F) 

AMM0XE22O) 

A0K1-4OXGMP) 

AX1-40XL84W 

A«I-*3) 

Afr<3t5-30) 

Collagen 



Aid COBfUatr 


RflUtivq vwdiflf iflUUncy 


Rstot 


RoUtive tcotaf •fflcki^y 


A"* 








0,314 £ 0.09 


100 


7.6 £ 1.1 


100 


ND- 


ND 


10.9 ± 0.B 


149.3 


ND 


ND 


9.4 £ 0.17 


65.3 


MB 


ND 


1.44 = 0.05 


19.3 


0.07210.01 


22.9 


2.93 ±0.08 


39.1 


ND 


ND 


1.61 * 0.1 


21.5 


ND 


ND 


0.97 ±0.04 


8.9 


0.189 ±0.03 


60.9 


2.66 ± 0.31 


. 39.6 


0.0007 ±0401 




0.498 ±0.04 


9.9 


0.007 i 0.001 


£2 


0.099 s 0.01 


1.1 


0 


0 


0.0079 s 0.001 


04 



9 and dmikr diWU 



- PHy^-flnt order rata constant from data shown (n F%. 9 and i 

* Initial r&b constants from data shown in Fig. 7 or similar data. 

* NP r not detarnuaad. 

' lAPPfihrili from incubating spheroidal aggregates 2 weeks at 37 *G an described under "Results 




Fiq. 7. Elongation of pieteia polymm lmmebOiied on micro- 
ti tcrjrinto wells by biotinyloted AJM1-40). Fond Bis an expanded 
y-»caie vtrtioa of pons/ A. Immobilized proteins wen AjKl-40) amy- 
loid fibrils ( 1AFP amyloid fibrils (•), and collagen <9J>. 

i 

cantjspedfirity to the fibril elongation reaction that is presum- 
ably! controlled by the amyloid conformational preferences of 
the sequences (see "Discusaiwi*). Amyloid fibrils composed of 
the AIH29-33) fragment, a peptide that has been uaed in many 
studios to « surrogate for full-length Aft are particularly poor 
at seeding Ap-U-40) elongation. This euggeste a substantial 
difference between A0-(1-4O) and A0-(25-4 5) .fibril structure. 
The modest seeding ability of the B22G mutant tor WT A£< 1- 
40) elongation is a dramatic demmtration that oven a single 
point mutation In an amyloidoganic peptide ean substantially 
change its seeding specificity and, hence, presumably its 



The proline peptides listed in Table II axe part of a aerie* of 
proline mutants designed to probe the secondary structure of 
the A0 amyloid fibril (4), We ttlected a subset of these peptides 
to teat their crm-99tdtag of the elongation of the WT peptide. 
Hie seeding abilities of these fibrils fell into two broad catego- 
ries (Table II). Some mutant fibrils (F4P, r}6P) exhibit similar 
seeding efficiency to that of WT fibril*. Others (U7P, G33P, 
L34P) give aoeding efErienciee that are substantially lower 
than that of WT but are still significant compared with the 
seeding efficiency of most non<A0 fibrils (see below). Intrigu- 
ingly, the pattern of the relative abilities of Pro mutant fibrils 
to seed WT A0-U-4O) elongation ie consistent with our Currant 
knowledge of Afl fibril structure (999 "Discussion"). 

We extended these studies to include amyloid fibrils from a 
number of proteins and peptide* associated with amyloid dis- 
eases that exhibit no significant sequence similarity to the A3 
peptide. Aa expected from the results with IAPP and the pro- 
line mutants of A/9, fibrils of these proteins are universally poor 
as seeds for elongation by A/K1-4Q). TabU HI Hits the rates of 
elongation in the standard microtiter plate assay and the rates 
relative to that for A0-U-4O) fibrils. It can be seen that all tha 
relative rates are leas than 10* that of WT A0-(1-4O) fibrils, 
and 6ome(03-nucrQgiobulln and LEN (1-30)) are so low as to be 
almost fadistinguiehable from the background rates seen for 
the non-amyloid protein aggregates collagen and denatured 
ovalbumin. In fact, with two exceptions, ell of the fibrils tested 
exhibit seeding efficiencies of about 1% or leas compared with 
that of AJM1-40) fibrils. Ifae exceptions are die amyloid-like 
aggregates grown from polyglutojnin* peptides (28) associated 
with Huntington's dieeeee and Other expanded GAG repeat 
diseases (55). The ability of these aggregates to do tolerably 
well as seeds lor A0-Q-4O) elongation contrasts with their lock 
of sequence homology with A0 and with the overall lock of 
complexity in ths polyglutamine sequence. We can only sur- 
mise that the efficacy of these aggregates to seed Afi elongation 
Stems from some coincidental similarity in the details of the 
folds that the A0 and polyglutamine peptides assume in form- 
ing their respective amyloid fibrils. If this hypothesis is correct, 
it would suggest that amino add sequence effects on the spec* 
ificity of cross-seeding reaction* may be mediated by the way 
that side-chain packing within the fibril controls dotal!* of ths 
biding of the polypeptide bsckhnnp (rather than by the way 
that aide chains in the fibril directly interact with side chains 
in the in-coming monomer). 

DISCUSSION 

The initial motivation for these studies was the confluence of 



Tails 111 

Miercplau mtdtog tfflckndtt for A? <(1-4Q) «fen*efto» 
for variou* omytci d fibrils 



WPP" 

J* UAt chain LETM1-80) 
palrjiutafflloeCnn M 



)*r* fight chain JT05 

Collagen 
QvBlbunda*RA 



/feat*' 1 

MOftU 
0.086XO01 
0.019 z 0.0O1 
0X4*0.01 
0.38 * 0.01 
0,069 :0.001 
0.048x0.006 
0.014 2 0.001 
0,0075 ± 0.001 
0.009 ±0.003 



100 
1.1 
0.85 
5J» 
3.7 . 
0.92 
0.56 
0,19 
01 
0,12 
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gotten i* interesting from two points of view. First, we found 
other fi ftf" in the survey reported here in which an aggregt 
of a peptide of toss than 9S% sequence identity was eaeentf* 
equipotent with WT fibrils for seeding amyloid growth by ^ 
monomer. Second, the strong seeding by A0 fibril* represent 
cue of nonTdriprodty in heterologous seeding (although t 
significance of this observation is uncertain given the plethc 
of aggregation products observed in UPP aggregation and 1 
extremely aggressive nature of even the unseeded reactio 
PerhapB IAPP il i ipecial case in that, as a very aggress 
amyloid forming peptide, it requires a less structurally ho* 
Ogous fibril to initiate polymerization and has a number 
avenues available through which it can form amyloid-l 
products. 

Our studies on crou-eeeding within the family of p 
tides show the sensitivity of seeding efficiency to small 
quern* changes and suggest a number of biological points, 
those amyloid fibrils compared by the microliter plate as 
listed in Table H, the AjS fibril with the poorest ability to fi 
A0-U-4O) elongation is A0-(25-S5). It seems very unlikely t 
this abort peptide/ which contains within Its 11 amino 
only 5 residue* likely to exist in H-bonded 3*heet in the fi 
and which lacks another major segment involved in £-s) 
formation (4), could be capable of making fibrils that share 
significant structural or shape relationship to 1-40 fibrils d 
side of a generic amyloid Ibid). In met, the relative seec 
efficiency of these fibrils is about 5* that of WT AJJ-U- 
fibnlfi (Table D), about the same efficiency aa the better seec 
fibrils from non-homologoue peptides listed in Table III 
contrast, fibrils e{ biologically relevant A3 analogs AjWl- 
(59) and A341-40) E22G (54) exhibit seeding efficiencies in 
20-40% range compared with WT A0*U-4O>. The fbrm< 
significant since elevated levels of the 1-42 peptide 
thought to be more relevant to AD disease risk than high Is 
Of the V-40 peptide (59). The latter is significant since 
peptide, associated with the Arctic familial mutation rtspc 
ble for early onset AD (54), exhibits similar or even gre 
specificity with respect to WT A0-U-4O) in protofibril and i 
formation occurring spontaneously in Mtro from 111 mixtur 

these peptides (60). 

The studies repotted here on the abilities of amyloid fi 
from various point mutants of A3 strongly suggest that see 
specificity bas less to do with primary sequence similar 
and more to do with shape, *.e. the details of the conformi 
of the amyloid fibril, and in particular of the network of H- 
donnrs and acceptors at the fibril growing end. Appare 
fibrils from single point mutants of A0 can differ from VT 
in this required shape almost as much as fibrils from wire' 
peptides. The proline replacement analogs of A/H 1-40) sti 
here were shown elsewhere (4) to foil into two classes, (a 
?4P and HOP mutants, which form fibrils with WT-Jjka si 
itiee and hydrogen exchange properties, and W the I 
G3SP, and L34P mutants, which form fibrils only with i 
reduced stabilities and which exhibit measurably differer 
drogen exchange protection associated with small but si 
cant structural perturbations in their amyloid fibrils. II 
suite in Table II mirror these Glasses, with F*P and 
mutant fibrils exhibiting seeding abilities in the range < 
A/Kl-40) fibrils, while the L17P, 033P, and L34F m 
fibrils exhibit significantly lower seeding efficiencies. In p 
ular, L34P fibrils exhibit a relative seeding efficiency less 
10%, in the same range as a polyglutamine fibril (Tabl* 
Thus, point mutants can make fibrils that are strong or w< 
seeding WT A£ elongation, depending en how much tha 
tore of the mutant fibrils deviates from the structure < 
fibrils. 



* Initial rates from elongation of bietinylated A£<l-40) on nacre- 
oUtes coated with fibrils. ( , , , . ... 

'mature amyloid fibrils obtamBd by incubating initial spheroidal 
•Sgngaies tor fi weeks at 37 «G. 

and a reported relationship between type II diabetes (with its 
associated pancreatic deposition of UFP amyloid) and disease 
risk in AD (27), However, despite the strong sequence similar- 
ity between then peptides, we find that IAPP amyloid is a very 
poor seed for A/Ml-40) elongation in vitro. It ia not clear, 
however, what level of efficiency in the heterologous seeding of 
A3 elongation by IAPP might be significant in terms of an 
elevated risk of A0 amyloid plaque formation and AS onset 
Although, baaed on the results presented here, one expect! that 
most cases of heterologous seeding between peptides of dissim- 
ilar sequence will be relatively inefficient, it is also true that 
almost all of the fibrils in the crow-seeding of A3 elongation in 
Table ffl exhibit finite seeding potentials that exceed the back- 
ground levels of control proteins collagen and denatured albu- 
min. Because the nature of seeded polymerization Is that very 
m a n initial effects can have devastating consequences over 
time, it is difficult to gauge whether or not a particular, low 
cross-seeding efficiency might be potentially significant biolog- 
ically; we believe that the work described here provide* the 
theoretical framework and experimental tools to begin to ad* 
drees such questions. In any case, the apparent linkage be- 
tween diabetes and AD may be related to other molecular 
interactions, such as the potential role for insolm-degrading 
enzyme in controlling A3 flux, steady state concentration, and 
therefore, aggregation (56). 

Amyloid fibrils grown from purified peptides and proteins in 
vitro are remarkably similar, in both electron micrographs and 
x-ray fiber diffraction, to amyloid fibrils extracted from human 
tissue (57). At the same time, it ia well known that amyloid 
fibrils tn tissue contain a number of other molecules besides the 
major constituent protein. Despite the similar appearance of 
fibrils grown in the absence of theee other molecules, it is 
possible that amyloid fibrils in tissue are functionally distinct 
from fibrils grown in vitro from (he pure, major constituent 
protein. This is relevant to the work described here, since we 
attempt to draw biological conclusions from studies of such 
artificial fibrils. We think it is justified to do this, since amyloid 
deposits in authentic disease tissue from both Alzheimer's dis- 
ease <£8) and Huntington's disease brains 5 are capable of car- 
rying out elongation reactions in vitro when provided with 
appropriate monomeric building blocka. At the same time, 
amyloid fibrils grown in vitro may not be identical m structure 
and/or ronction to naturally derived amyloid in seme other 
respects. 

The surprising potency of A3 fibrils as seedi for IAPP aggre- 
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j This astounding sensitivity of fibril seeding efficiency to sin- 
gle point mutations suggests that polypeptide chains do not 
e f orifice their exquisite capability ht folding epecificity when 
they undergo alternative assembly into amyloid fibrils. In fact 
iti would appear poiiible that even protein mutants that 1old 
into very similar itructuxes in the native state may well be 
capable of folding into functionally distinct and discriminatory 
ajnyloid fibrils. 

;We plasticity in amyloid structure is also suggested by our 
interpretation of some of the details of tha IAPP fibril-seeded 
Afi elongation reaction (Fig. 5). From much experience using 
the ThT assay to monitor amyloid growth, we know that the 
signal strength at the reaction end point Is quite reproducible 
fbr Any given amyloid growth reaction. 6 We also know that tha 
T&T signal* normalised for mutant fibril weight, can di&Sw for 
tjje amyloid fibrils of different point mutanti ofAfJ over a 64bld 
range. 5 The 2«feld diflference between the ThT signals in Fig. B 
far the two Afi elongation re&ctiana that have reached eqnilib- 
mm (0, Q) euggest that the stratum of these Afi fibrils are 
substantially different, presumably influenced by the nature of 
the seed. The other unexpected aspect of Fig. 6 is the persist, 
ence of the law elongation rate for A/J elongation seeded by 
IAPP fibrils. In an elongation of monomer A seeded by fibril B, 
one might have expected that, as more and more monomer A 
incorporatei onto the growing ends of fibril B, the fibril ends 
will eventually take on the character of A fibrils in all respects, 
including their intrinsic homologous seeding rate. Thus, in 
cr^si'seeded reactions one might have expected to see a non- 
linear pseudo-first order kinetics curve, with a slow start fol- 
lowed by a surge to a new, much faster rate identical to that of 
tlje homologously seeded reaction. In fact> there is a small 
amount of upward curvature in the plot in Fig. 6£ for A0 
elongation seeded by 50 Mgfol IAFF fibril*; however, the cor- 
responding slope tit Afi elongation seeded by 50 n&ml Afi 
fibrils would bo 5 times the elope shown for the A0-eeoded Afi 
elongation in Fig. 5. Clearly the cross-seeded reaction, by the 
time it reaches completion, has not achieved anything dose to 
this projected rate. This suggests that over the entire cross- 
seeded elongation reaction, the elongation rate changes little 
from the ioitul rate, which was initially established by the 
unique conformation of the IAPP fibrils (at the same time, the 
slight but significant upward curvature (never observed in 
homologously seeded reactions) may be consistent with a trend 
toward such a conformational iwttoh as. the heterologously 
seeded fibrils continue to grow). Thus, both the TUT amplitude 
and the elongation kinetics suggest that Afi fibrils propagated 
from an IAPP seed are conformational^ different from Afi 
filnils grown from Afi needs. 

'If confirmed by further experiments, theee results from IAPP 
fibril seeding of A^(l-4Q) elongation suggest that e single 
peptide sequence is capable of forming multiple amyloid eon* 
formations depending on the seeding fibril and perhaps other 
variables. Such behavior would be consistent with the recently 
described ability of certain yeast prion proteins to make amy* 
loid fibrils that exhibit different Seeding capabilities depending 
on the details of how the seeding fibrils are generated (18, 61) 
end, more broadly, could provide the underlying structural 
basis for species barriers and strain phenomena in prion inac- 
tivity (18-20,61). 

'The etudies described here reveal unanticipated subtleties in 
the conformations of amyloid fibrils as measured by their eross- 
eeedmg efficiencies. Although the wide ability of unrelated 
polypeptide* to grow into amyloid fibrils might suggest that the 
forces driving amyloid formation are not very discriminating! 



out data suggest that amyloid exhibits the lame degree of 
Structural specificity as found for the folding of evolved, glob, 
ular protein structures. We believe that further studies of the 
kind described here will reveal much about the structures aod 
biological properties of amyloid fibrils. 

AeknowlcdgmtnU—tye acknowledge Reed Wickner sad KiiaberW 
Taylor ibr tha Vn2p fibril* Su4*n Jexwf md Ghaeu* Radford ht u* 
pa-auraiob-dui fibrils, Joaathin Wall Ibr amyloid fibrils of JT05 and 
Charles Murphy fbr the A0tt5-65) peptide, sod TSa. 
Kcbey tor the amyloiaMikc aggregates of polyglutamine peptides. We 
are gratefid to Craig WooKW to advice on the Congo red etamu^ 
procedure. 

Mite Added in Avo/UAn article (Jw, J., Uedtke, T., Parisi j 
E 4 (VBriaa, P.. Petersen. JC C, and Butter. P. C. (2004) Diabett, 61 
474-461) recently appeared showing thai whfle patients with Alshof! 
meVi disease do not appear to be statistically at risk of devetaw 
diabetes, patients with type n diabetes do hove an increaaod riakrf 
developing Alsheutter** disease. It ie iateaatuig, and possibly rttormt 
that these epidemiological trends appear te bo recapitulated by the 
cross4ceding eftccte reported hafitiawhioalAWfil^ «in«IEd^ 
at seeding A0elonptson, while Afi fibrils are very efficient st seeding 
IAPP ekngstion. The A/3 peptide U produced throughout tb* body and 
it 19 conceivable that small amounts of A0 fibril* alight be produced 
outside the brain, espetiauy ta patients with elevated fibril levels to the 
brain* 
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Abstract 

Amyloid enhancing/actor (AEF) is cm activity that ap- 
pears naturally during the course of persistent inflamma- 
tion and precedes, by 24-48 KAA amyloid deposition in 
appropriate murine models. AEF is defined by its biologi- 
cal properties, namely, when administered intravenously 
or intraperitonealfy to a mouse^it primes the recipient for 
the rapid induction of AA amyloid when they are given an 
inflammatory stimulus. Available evidence indicates that 
AEF is protein in nature, but a '.specific molecular species 
(if a singular species exits) has not been identified Past 
work (Ganowiak et at, Biocheni Biophys. Res. Commun. 
199:306-312,1994) has shown that AEF activity may be 
imparted to two different proteins (IAPP and fi-protein) pro- 
vided each is organized in the form of an amyloid fibril. 
Since a characteristic property of proteins m amyloidfibrils 
is their ft-sheet organization, one possibility is that AEF 
activity, in part, depends on such organization, and other 
proteins with such properties may also have AEF activity. 
To investigate this possibility, silk, a protein which con- 
tains substantial 0-sheet content, was denatured in LiSCN 
and allowed to renature slowly under reducing conditions 
to form a gel The denatured silk preparation was then soni- 
cated thoroughly to permit intravenous injection and as- 
sessed for AEF activity. The modified silk, presented as small 
fibrils in a 0-sheet conformation as assessed by electron 
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microscopy and circular dichroism, respectively. This silk 
at 0-50 fig/animal was administered intravenously as 
"AEF" followed immediately by subcutaneous AgNO s as 
the inflammatory stimulus. Six days later the spleens were 
examined for the presence of AA amyloid and following 
Congo red staining, the amount of amyloid quantified by 
image analysis. Modified silk without an inflammatory 
stimulus, and non-sonicated modified silk, failed to induce 
AA amyloid Sonicated modified silk followed by AgNO s 
induced large quantities of splenic AA amyloid in a dose 
dependent fashion Modified silk in quantities as small as 
1-5 ixgfanimal can function as AEF. The AEF properties of 
the modified silk were stable at4°C for at least 4 weeks (the 
longest period tested). This procedure may provide a means 
of standardizing AEF preparations. 



Introduction 

A rnyloid enhancing factor (AEF) has been called u an 
/\ enigma wrapped in a mystery" Mt has been the sub- 
JL -Vject of investigation by many groups for almost 35 
years. Since the initial description of cell or tissue extracts 
from amyloidotic animals that have the property of being 
able to enhance or accelerate susceptibility to 
amyloidogenesis in recipients 2-1 , data have been accumu- 
lated without satisfactorily explaining what structural ele- 
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ments are necessary for AEF activity, nor how AEF exerts 
its effect 

AEF is defined in the biological context of in vivo in- 
flammation-associated (AA) amyloidogenesis, as a factor 
which when injected intravenously substantially reduces the 
murine splenic A A amyloid induction time usually required 
by inflammatory stimuli. The subject was reviewed in con- 
siderable detail several years ago 5 . Among the conclusions 
reached at that time were that AEF is protein in nature, its 
activity is dependent on its conformation, different proteins 
with common secondary, tertiary, or quaternary organiza- 
tion may all have AEF activity, and AEF may be acting as a 
nidus, or scaffold, for amyloid fibrillogenesis. Hie data sup- 
porting these conclusions have been adequately cited in the 
above review but may be briefly reiterated. Proteases, but 
neither lipases nor nucleases (KNAase or DNAase) destroy 
AEF activity 6 , Denaturation of AEF preparations with heat, 
guanidine, or urea destroys AEF activity*. Naturally occur- 
ring amyloid fibrils composed of different amyloid proteins 
possess AEF activity, suggesting that a common structure 
rather than composition is responsible for AEF activity 7 ' 10 . 
Pure amyloid peptides lack AEF activity until they orga- 
nize themselves into amyloid fibrils 11 * 12 . And, the kinetics 
of amyloid formation in vivo in the presence and absence of 
AEF is identical, save for the absence of a lag period during 
induction when AEF is injected intravenously 11 , and fol- 
lows the pattern seen in in vitro amyloid fibrillogenesis 
"seeded" processes 14 - 11 . 

Work attempting to elucidate AEF' s critical properties, 
and its mode of action, would be greatly facilitated by a 
procedure to prepare an "AEF' from relatively pure inex- 
pensive materials. The findings that pure amyloid peptides 
possess AEF activity when organized into fibrils"- 0 , and 
the |}-sheet protein configurational characteristics of amy- 
loid fibrils suggested that silk might fulfill the necessary 
requirements. Silk, in addition to being a material of im- 
mense commercial value for fabric production, is a fiber 
with many of the structural features of amyloid 19 " 22 , and is 
the epitome of a protein which contains substantial p-sheet 
content 11 ' 23 . Raw silk is inexpensive, and when rid of its non- 
protein components consists primarily of two classes of 
polypeptides, one in the M r range of 2O0-3OOK and the other 
in the range of 25-50K 20 - 22 . However, raw silk is clearly not 
in an injectable form. 

A series of experiments were therefore undertaken to 
modify raw silk in an attempt to obtain an inexpensive, com- 
positionally defined, and readily prepared "AEF" which, if 
successful, could be used to answer questions about native 
AEF's critical properties and its mode of action. 



Methods 
Materials 

The following common chemicals (reagent grade) were 
purchased from Sigma, (St. Louis MO): Sodium dodecyl 
sulfate (SDS), Tris(hydroxymethyI)-arainomethane (TRJS), 
p-mercaptoethanol (BME), and Congo red (97% pure) lot 
# 085H4386. LiSCN was purchased from Aldrich Chemi- 
cal Co. (Milwaukee, WI). Raw silk (from Bombyx mort) 
was purchased from a local crafts shop. 

Animals 

All animals were CD1 female mice (Charles Rivers, 
Montreal, Quebec) 8-10 weeks of age and weighing 25-30 
g which had access to laboratory chow (Purina 5015) and 
water ad libitum. 

Preparation of silk 

The raw silk was boiled extensively (2 h) in 2% NajCO, 
to remove non-protein components, rinsed in copious 
amounts of distilled deionized water (DDW), then ethanol, 
and dried at 60°C 19 . The appearance of the dried washed 
silk was ivory white, and composed of matted, short strands. 
Ten mg of the treated silk were dissolved in 700 \il of 65% 
aqueous LiSCN prepared from a freshly opened bottle (or 
one stored under nitrogen) 19 . After 20 min the solution was 
brought to 1% P-mercaptoethanol. Following an additional 
20 min the solution was diatysed overnight against DDW 
allowing the silk to renature in the form of a loose gel. The 
solution was brought to 10 ml with DDW, and solid NaCl 
to bring the salt concentration to 0.9% (0.15 M), and lmg/ 
ml silk, following which it was heated at 37°C for ih to 
complete therenaturation process and then thoroughly soni- 
cated. The sonication was performed with the sample on 
ice for brief pulses of 1-2 sec for a total period of 20 sec 
using a Vibracell (Sonics and Materials Inc., Danbury, CN) 
with the variable amplitude set at 60 on the dial. 

AEF preparation 

AEF was prepared as water washed AA amyloid fibrils, 
from amyloid laden spleens as described previously* 23 , and 
stored at -20 °C at a concentration of lmg protein/ml. 

Electrophoresis 

Following the boiling of raw silk in Na 2 CO } and its 
washing in DDW and ethanol, 10 mg was dissolved in 65% 
LiSCN in electrophoresis sample buffer lacking SDS (Tris- 
HC1, 60 mM pH 6.8, 5% BME, and urea 8 M). The LiSCN 
was then removed by dialysis against the same sample 
buffer, following which SDS was added to 2%. The samples 
were then subjected to electrophoresis as described by 
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Laemnilic/a/ 24 l usinga7%poIyacrylainidcgel, and stained Calibration of the electron microscope was done with 
with silver by the method of Oakley et aP*. paracrystalline tropomyosin. 



Electron microscopy 

Samples were prepared by applying droplets of die silk 
solution (at 1 mg/ml or 200 |ig/ral) to ptoloform carbon- 
coated grids which were then blotted to remove excess wa- 
ter and air-dried. The fibrils were then negatively stained 
with 1% phosphotungstic acid (w/v) and visualized on a 
Hitachi H-7000 electron microscope operated at 75 kV. 



1 2 




FIGURE 1. Electrophoresis of LiSCN/p- 
mercaptoethanol denatured raw silk prior to 
its renaturation and sonicatlon (Lane 1). 
Arrows indicate the presence of protein bands 
at molecular weights greater than 200K, and 
in the range of 14-66K. Molecular weight 
markers are indicated in Lane 2, and in 
descending order are, myosin 200K, (3- 
gafactosidase 116.25K, phosphorylase b 
97.4K, serum albumin 66.2K t ovalbumin 45K, 
carbonic anhydrase 31 K, trypsin inhibitor 
21. 5K, iysozyme 14.4K and aprotinin 6.5K. 



Circular dichroism 

A stock solution of extracted and dialysed silk 
preparation was examined by circular dichroism to deter- 
mine the protein secondary structure. Aliquots were run ei- 
ther directly as concentrated solutions at 1 mg/ml or were 
diluted in 10 raM phosphate buffer, pH 7 to a final concen- 
tration of 500 ug/ml. Spectra were collected on a Jasco 720 
spectropolarimeter from 250-190 nm with a path length of 
0.1mm and a scan time of 20 nm/min (bandwidth 1.0 nm, 
step-resolution 0. 1 nm). 

Amyloid Induction 

Amyloid was induced as described previously *, by in- 
travenously injecting either native AEF or modified silk in 
varying doses, 0 - 250 ug protein/animal (3 animals at each 
dose), followed by 0.5 ml 2% AgNO, injected subcutane- 
ously in the back to produce a small sterile abscess. The 
animals were killed after 6 days by C0 2 narcosis and their 
spleens fixed in ethanohacetic acid as described previously 26 . 
Routine procedures were used to prepare sections for his- 
tology which were stained with Congo red 27 . 

Amyloid quantitation 

Congo red stained spleen sections were assessed by 
image analysis for the quantity of amyloid as described pre- 
viously 21 . Briefly, 3 standard spleen sections, containing a 
range of AA amyloid quantities (3%-30% of splenic area), 
were used to calibrate die image analyser with a set of con- 
stant reference points. The crossed polars were angled at 90 
degrees to give maximum darkness in areas devoid of amy- 
loid. The same tissue sections on die same glass slides were 
always used for this purpose, and can therefore be used as a 
reference to prepare other standards, if necessary. The im- 
age analysis program, M5 version, is from MOD Imaging 
Research Inc., Brock University, St Catherines, Ontario, 
Canada. The upper and lower limits for the intensity, hue, 
and saturation are set at 1 and 0.09, 170.16 and 53.44, and 1 
and 0, respectively. Minor adjustments in these settings are 
performed on each occasion that the apparatus is calibrated 
to ensure that the standards provide a constant reading on 
each occasion that the apparatus is used. A TV camera 
(Hitachi 3CCD color camera) is mounted on the microscope, 
which provides a 1 00 X image, and the image is transported 
to a Pentium type computer with a Matrox digitizing board. 
Following calibration multiple fields (n=6) were examined 
in each section to be quantified and the quantity of amyloid 
in each mouse spleen was expressed as the percent of splenic 
area occupied by amyloid. 
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Results 

Characteristics of modified silk 

A fractionation of proteins in the protein composition 
of washed silk is shown in Figure 1. Following treatment 
with NajC0 3 , water, and ethanot, silk consists predominantly 
of two groups of protein components, one with bands in the 
M r range of 14-66K (Figure 1 , arrows), and the other greater 
than 200K, as demonstrated previously** 2 * Following rena- 
turation and sonication the silk consists of small twisting 
fibrils approximately 7-8 nm in diameter and of variable 
length as shown by electron microscopy (Figure 2). 

Circular dichroism 

Circular dichroism spectroscopy of modified silk prepa- 
rations at different concentrations displayed a classical p- 
sheet conformation as demonstrated by the intense minima 
at approximately 2 1 8 nm (Figure 3). 

Activities of native AEF and silk "AEF" 

Comparisons of the effects of native AEF (NAEF) and 
modified silk (SAEF) are shown in Figures 4-6. Figures 4 
and 5 illustrate that both NAEF and SAEF, at a variety of 
doses, possess AEF biological activity. The silk prepara- 
tion at low doses, on a protein basis, is more effective than 
the native material. Quantities of SAEF as low as 0.05 - 
0.75 fig/mouse were effective in priming the recipient ani- 
mals for splenic, perifollicular AA amyloid deposition upon 



the administration of an inflammatory stimulus. Though the 
effectiveness, or specific activity, of the SAEF appeared to 
be higher than NAEF (Figure 6) the anatomic distribution 
of AA amyloid was the same (Le. the perifollicular area) 
with all preparations of AEF used. Radiolabeled native AEF 
when injected intravenously does localize to the splenic 
perifollicular areas 6 . The Congo red staining for amyloid in 
the perifollicular areas of the spleen with each AEF prepa- 
ration was not due to the injected fibrils which localized to 
these same areas. This is illustrated by the observation that 
neither NAEF nor SAEF when administered without a sub- 
sequent inflammatory stimulus showed any perifollicular 
Congo red staining for amyloid (data not shown). SAEF 
which has not been sonicated is not effective, probably be- 
cause the unsonicated silk gel particles are too large to pass 
through the lung capillary network. Active SAEF prepara- 
tions stored at 4°C for periods as long a 4 weeks retained 
their potency. It is possible that the preparation remains 
active indefinitely given the stable nature of silk fibres, but, 
this was not directly tested. 

A dose response curve illustrating the effect of differ- 
ent amounts of SAEF and NAEF is shown in Figure 6. As 
with past dose response curves with cellular AEF 29 , KG 
solubilized AEF 30 , and glycerol solubilized AEF 6 , the ef- 
fect of SAEF increases rapidly at low doses and begins to 
plateau at higher doses. However, in contrast to native ma- 
terial, quantities of SAEF in the range of 250 fig/mouse 
induced less amyloid than that in the range of 12-50 
mouse (see Discussion). 




FIGURE 2. Negative stain transmission 
electron microscopy of modified silk 
following its gelation and sonication. 
Note that the silk consists of amyloid- 
like fibrils, unbranched and maintaining 
a uniform diameter of approximately 7- 
8 nm. Although individual fibrils were 
easily distinguished, they were also 
present in various states of aggregation 
ranging from larger clusters to small 
aggregated bundles. Magnification X 
140,000, scale bar = 75 nm. 
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Discussion 

The ability to accelerate the induction of murine AA 
amyloid using biologically derived materials was discov- 
ered over 30 years ago 2 "*. The nature of the active material 
(which for die present purposes we will call AEF) and how 
it accomplishes its effects mechanistically have been the 
subject of numerous studies, none of which have yet pro- 
vided conclusive and satisfactory answers. Past work has 
clearly shown that the active constituents) is protein by 
nature*, is common to diverse forms of amyloid 710 , and has 
its activity destroyed by denaturing techniques and is there- 
fore probably dependent on its conformation*. The obser- 
vation that different forms of amyloid could provide active 
AEF preparations indicated that AEF was not a specific 
amyloid peptide, although it did not rule out that one of the 
common constituents of amyloid deposits was the active 
molecule. This latter possibility was deemed to be much 
less likely when it was shown that pure amyloid peptides 
(LAPP, transthyretin, and die AJJ-protein) acquired AEF 
activity after they formed fibrils, but not before 1112 . This 
observation provided further support for the concept that 
AEF activity depended on protein conformation. Given that 
both naturally occurring, as well as test-tube prepared, amy- 
loid fibrils possess AEF activity, and that one of the defin- 
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FIGURE 3. Circular dichroism spectroscopy of modified silk 
preparations at different concentrations. The preparation 
examined at 1 mg/ml (solid line) displayed a classical p-sheet 
conformation as demonstrated by the intense minimum at 
approximately 21 8 nm. Further dilution of the sample to 0.5 
mg/ml did not appear to affect the folded state of the dialysed 
silk as a similar but attenuated signal was observed (dotted 
line). 



ing characteristics of such fibrils is their p-sheet protein or- 
ganization, a distinct possibility is that AEF activity is at 
least partly dependent on this protein configuration which 
serves as a template for further amyloid formation. The pro- 
cess is quite analogous to that proposed for prions 31 . 

The process of preparing native AEF is tedious, time 
consuming, and expensive. Sufficient numbers of mice must 
be primed to produce adequate quantities of splenic amy- 
loid (1-2 weeks) following which the spleens are collected 
and extracted either with 4M glycerol 6 , or AA amyloid fibrils 
(as AEF) are prepared with standard saline and distilled 
water washing procedures, which requires an additional 
week*- 23 . The product, though effective, is a mixture of com- 
ponents normally found in amyloid 6 . Trying to identify 
which constituent is die active moiety (if it is only one) re- 
quires denaturation techniques 6 , which by their very nature 
destroy AEF's biological activity. The use of synthetic pep- 
tides provides the necessary purity of material, but expense 
(several hundred US dollars for tens of mg) precludes their 
use on a routine basis. In contrast, many grams of raw silk 
may be purchased for $25-50 US and following its washing 
with Na^COj, distilled deionized water, and ethanol pro- 
vides sufficient material, to be modified as AEF in 2 days, 
for a lifetime of work. 

It was with these points in mind that we considered silk 
as a potential starting material to prepare a candidate AEF 
for future study. Raw silk is inexpensive, plentiful, and tech- 
niques for the removal of its non-protein components have 
been developed 19 , and yield pure protein isolates 20 - 22 . Fur- 
thermore, until amyloid was characterized, silk was die prime 
example of a protein with p-pleated sheet structure 21 , and is 
similar in other respects to amyloid in that it is fibrillar (Fig- 
ure 2) and may exhibit red/green birefringence in polarized 
light when stained with Congo red (data not shown). How- 
ever, in its native state, silk is a non-injectable material. 

Our raw silk, which was washed free of non-protein 
material and dried 10 years ago, has remained stable at room 
temperature since then and has been used in die present AEF 
studies for die last 3 years. The procedure we developed 
provides injectable active material in two days, and is stable 
for at least a month at 4°C (the longest period examined). 
Furthermore, the modified silk is among the most potent 
forms of AEF we have encountered, having substantial ac- 
tivity hi quantities less than 1 ug/mouse. 

Though modified silk appears to have advantages over 
native AEF, and fibrils composed of synthetic amyloid 
peptides, there are several problems with SAEF, discov- 
ered through trial and error, which need to be resolved and 
understood, and there are many questions concerning the 
structure of silk vis-a-vis its AEF properties which need to 
be addressed. 

Doses of SAEF in the range of 200-250 ug/mouse and 
higher are less effective than lower doses. These higher doses 
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FIGURE 4. AA amyloid induced after 6 days by varying doses stimulus. Panels A - F, SAEF administered at 0.05, 0.2, 0.75, 
of modified silk, as AEF, and AgN0 3 as the inflammatory 3.0, 12.5, and 50 pg/mouse respectively. 
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FIGURE 5, AA amyloid induced after 6 days by varying doses 
of native AEF and AgNO, as the inflammatory stimulus. 



Panels A-F represent doses of 5, 10, 25. 50, 100 and 200 
pg/mouse respectively. 
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reduced the amount of splenic amyloid by 20-25% so that 
AA amyloid occupied only 10-15% of splenic area at these 
doses. In contrast increasing doses of NAEF continued to 
increase the splenic area occupied by AA amyloid and 
reached a plateau (25% of splenic area) at doses in the range 
of 200-250 ug/animal. The explanation for this phenom- 
enon (greater potency of SAEF at low doses but lower po- 
tency at higher doses) is not immediately apparent. It may 
relate to SAEF being a particulate which following injec- 
tion is cleared from the circulation by the reticuloendothe- 
Tsbyaan RES) 6 . Excess quantities of SAEF may induce 
a blockade of the RES, die she where serum amyloid A (the 
AA precursor) is converted to AA amyloid. Such a block- 
ade may interfere with amyloid formation. 

The second problem relates to the nature of the lithium 
salt, LiSCN, that is necessary to dissolve raw silk. This salt 
is very hygroscopic and apparently sensitive to air. Bottles 
of LiSCN opened for any length of time provide a lithium 
preparation that is cloudier than material from a freshly 
opened bottle, and though it is capable of dissolving raw 
silk, it leads to a silk gel preparation that lacks AEF activ- 
ity. This finding may be a problem from one perspective, 
but may yet provide an interesting opportunity from a dif- 
ferent perspective. Since the same starting material may be 
manipulated to provide both active and inactive prepara- 
tions! a comparison of the physical and chemical properties 
of these two preparations may provide the correlations nec- 
essary to understand the basis for AEF activity. 



Among several techniques which we have used to try 
to dissolve silk, only the LiSCN was effective. Non-effec- 
tive denaturants included, 8 M urea, 6 M guanidine - HC1, 6 
M guanidine SCN, and 65% LiCI. Furthermore, we have 
not as yet attempted to denature non-carbonate treated silk 
for its AEF activity and therefore do not know if carbonate 
stripping of non-protein components is necessary to elicit 
silk's AEF potential. 

Given that we have examined only one source of silk, 
that of Bombyx mori, there are several questions concern- 
ing silk structure that need to be addressed regarding its 
AEF properties. It is not at present clear if B. mori is the 
only silk source which may provide an active SAEF or 
whether sources from other species may prove to be (or 
not) as effective. Neither is it clear whether specific 
intersheet spacing of the silk protein, which may differ in 
different forms of silk, is responsible for the SAEF activity. 
Answers to such questions await future work. 
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FIGURE 6. Percent splenic area occupied by amyloid as a 
function of different doses of SAEF or NAEF. For SAEF and 
NAEF, values are the mean +/- SEM of three animals and 
five animals respectively, per time point. 
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